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ABSTRACT
BIOLOGICAL AND ENZYMATIC MECHANISMS OF POLYESTER
BIODEGRADATION BY FUNGI
SEPTEMBER 1996
THOMAS MARC SCHERER,
B.S., UNIVERSITY OF CALIFORNIA SANTA BARBARA
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Robert W. Lenz
This dissertation has explored the microbial and enzymatic
processes that occur during the biodegradation of aliphatic polyesters by
the fungus Aspergillus fumigatus. The relationship between the chemical
structure of polyesters, the enzymes secreted by fungi to hydrolyze
polyesters, and the enzymatic mechanisms of polyester degradation were
investigated.
Naturally occuring bacterial polyesters such as poly((3-
hydroxybutyrate) and poly(p-hydroxyvalerate), as well as synthetic
polyesters, were found to be utilized as the sole carbon source in liquid
fermentation cultures by a strain of A. fumigatus isolated from leaf
compost. The enzyme secreted during fungal growth on PHB was isolated
and characterized using enzyme kinetics, affinity reagents and inhibitors,
SDS-PAGE, and IEF analysis to determine the biochemical characteristics
of the eukaryotic PHB depolymerase.
The substrate specificity of the PHB depolymerase was evaluted
using in vitro weight loss methods which determined the enzymatic rates
of hydrolysis for bacterial and synthetic polyester films. The
v
rates of polyester degradation were analyzed as a function of copolymer
composition, molecular weight, and crystalline properties. Molecular
modeling of polyesters suggested a relationship between polyester
conformation and the susceptibility to PHB depolymerase hydrolysis.
Direct observations of enzyme-polymer interactions showed that
the PHB depolymerase adsorbs strongly to PHB and other aliphatic
polyesters by hydrophobic surface forces. The substrate binding behavior
of the fungal PHB depolymerase was found to be non-specific, and is
mediated by two independent enzyme domains.
By applying cyclic and linear PHB analogs to enzymatic hydrolysis
experiments, a new understanding of the enzymatic mechanism of PHB
hydrolysis was developed. Oligolide hydrolysis by the bacterial and
fungal depolymerases established that the PHB depolymerases do not
require free chain ends for the initiation of polymer degradation, and
hydrolyze substrates in an exo mode of activity, in addition to endo
chain cleavage.
Enzymes present in the supernatant of A. fumigatus grown on
poly(e-caprolactone) hydrolyzed olive oil, indicating that a lipase is also
secreted by this fungus which degrades synthetic polyesters. The
isolation and identification of the polyester hydrolases from A.
fumigatus demonstrated that different esterase enzymes are secreted to
catalyze PHB and PCL biodegradation.
vi
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CHAPTER 1
LITERATURE REVIEW AND INTRODUCTION TO POLYESTER
BIODEGRADATION
Introduction
The topic of biodegradable polymers is an interdisciplinary,
dynamic, and occasionally controversial field of study. It is thus
pertinent to set forth a clear definition:
"Polymer biodegradation is defined as a process
carried out by biological systems (i.e., microorganisms) in
which the polymer chains are cleaved to form low
molecular weight products, which can then be assimilated
by the biotic diversity by either aerobic processes, to CO2
and H2O, or anaerobic processes to CH4 and H2." 1
More generally, polymers may decompose by either
photodegradative (hv), chemodegradative (principally hydrolysis or
oxidation), and enzymatic (also hydrolysis and oxidation) processes. The
first two types of polymer degradation may facilitate the eventual
biological recognition and attack on the polymer and result in
mineralization, but these processes are not brought into action by the
biological environment. Of the three types of degradation, only the
enzymatic degradation processes of polymers are biologically mediated,
thus fitting the definition of a biodegradable material.
Microorganisms such as bacteria, fungi, and protists, represent the
most prolific polymer degrading organisms in the environment/ These
1
organisms have, through their evolution over the last 2 billion years,
acquired the ability to degrade the types of polymers that have I
coevolved in the environment. Although a oversimplification, it is for
this reason that all naturally occurring polymers are "biodegradable".
Many synthetic polymers produced today, however, are highly resistant
to biological degradation because microorganisms lack the enzyme
systems to degrade the polymer chains.
Evolution, the mechanism by which nature accommodates change,
has been very slow to adapt to the myriad of changes that mankind has
brought to the environment in the last 150 years. Although numerous
microorganisms and microbial consortia are capable of degrading
synthetic organic chemicals such as PCBs (polychlorinated benzenes),
components of combustion fuels, and other environmentally
accumulating toxic chemicals, this has not been the case for synthetic
high polymers (with the exception of poly(vinyl alcohol)). Low molecular
weight organic compounds are soluble in water to some measurable
degree, but most polymeric materials are completely insoluble in water,
and because of their macromolecular structure, they are unable to
penetrate/permeate the cell walls of microorganisms. Furthermore,
without the appropriate enzymes to degrade the polymer chains, the
polymers remain undetectable by the microbial diversity which would
otherwise take advantage of an additional carbon source.
Microorganisms are not likely to evolve an ability to degrade the
polymeric materials of today anytime in the near future. Consequently,
with the 24 billion pounds of plastics that are in use and disposed of
annually causing an impending waste disposal crisis, the
biodegradability of polymers is an attractive solution for materials whose
2
past advantages included "dispensability". Polymer scientists are faced
with challenging questions regarding the ultimate fate of these materials.
One such challenge is the future design of polymers for materials
application and disposal which contain the structural elements that
make polymeric materials "biodegradable".
Methods for Determining Polymer Biodegradation
The biodegradation behavior of a material may be assessed
through four basic methods. The first and most general method of
determining a sample's biodegradability is the use of field tests.
Environmental degradation studies can be carried out by placing the
sample in compost, activated sludge, marine, soil or simulated
environments, all of which have different types of mixed microbial
populations. A second qualitative method involves the growth of an
isolated organism on the material as the sole carbon source. This
method has the advantages of greater reproducibility and being easily
applied as a laboratory testing method.
A more detailed examination of the biodegradation behavior of a
polymer requires the growth of a single organism on the polymer to
produce and isolate the active enzymes involved in chain scission and
solubilization. Such studies yield the most specific information about
what classes of enzymes are secreted and the enzyme-polymer
interactions that take place during polymer biodegradation.
The in vitro use of existing enzymes of known biological reactivity
can also be used to asses the material's potential biodegradation
behavior. Although the in vitro application of commercially available
enzymes to polymer samples is convenient, it is not an unambiguous
determination of biodegradability. No single method had been applied
to all the polymeric materials tested thus far. Quantitative comparisons
between the different methods determining polymer degradation rates
are not possible, however, the results determined from two or more
methods may be used in parallel to assess a polymer's potential as a
biodegradable material.
Synthetic Biodegradable Polymers: Aliphatic Polyesters
Polyesters are the most systematically studied materials in the
field of synthetic biodegradable polymers. 2 " 4 Polyesters may be
categorized on the basis of the general types of repeating unit structures
into polylactones, step-growth aliphatic polyesters, and aromatic
polyesters. Studies to date indicate that many types of aliphatic
polyesters and polylactones are biodegradable to some degree, while
polymers with aromatic backbone components are inherently more
recalcitrant. 5
The chemical synthesis of aliphatic polyesters has undergone
significant technological advances that currently place these materials at
the forefront of new polymers to reach the market. Step-growth aliphatic
polyesters, long existing only as low molecular weight materials, have
been dramatically improved through chain extending reactions and
advanced catalyst systems. 6 Similarly, the development of highly
efficient stannoxane catalysts to copolymerize a wide range of lactones
with stereochemical control has allowed many new types of polymers to
be designed through ring opening polymerization.
7 " 9 These synthetic
polymers, in addition to the naturally occurring polyflJ-
hydroxyalkanoates) of bacterial origin (Figure 1.2), produced by
4
industrial fermentation processes, have provided a group of materials that
display excellent thermal processiblity and a wide range of useful material
properties 10-13
In addition to the commercially desirable properties of polyesters,
the ester linkage is uniquely beneficial to the material's degradation
processes. The ester containing polymer backbone, although thermally and
photochemically stable, is susceptible to acidic and alkaline
a.)
0
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0
0
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0
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x
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0
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Figure 1.1 General types of polyester repeating unit structures, (a)
Polylactones, (b) aliphatic polyesters, (c) aromatic
polyesters; R, Ri, and R2 represent (CH2) X aliphatic
hydrocarbon structures and AR represents aromatic
structures.
5
R 0
H-t-0-CHCH 2—C—Q-\-H
J x
Figure 1.2 General structure for bacterial poly(P-hydroxyalkanoate)s
R=CH 3 (HB), R=C 2H 5 (HV), or R=C 3H 7 to C6Hi 3 (HO).
hydrolysis reactions which are ubiquitously catalyzed by biological
systems in the environment. Chain scission of the polyesters requires
only ester hydrolysis to form water soluble products. In comparison, the
degradation of low molecular weight polyethylene/hydrocarbons requires
a complex process to cleave carbon bonds. The seven reaction steps of
hydrocarbon p-oxidation are each catalyzed by different enzymes to
ultimately produce a water-soluble product. 3 The polyester degradation
reactions require the minimal amount of enzymatic complexity to
promote the degradation process, which increases the probability and
the number of organisms that have the capacity to biodegrade
polyesters.
Degradation products such as organic carboxylic acids are
common environmental metabolites and can be readily mineralized.
Thus, the inherent advantages of polyesters provide the impetus for
detailed study of biodegradable materials, and it is well known that
chemical, structural, and morphological properties of polyesters play an
inherent role in their biodegradation. It is equally important identify the
processes and enzymes by which microorganisms degrade these
materials.
6
Characterization o f Polyester Biodegradation Processes
Poly(P-hydroxyalkanoates) (PHAs) are a class of polyesters
accumulated as reserve carbon source by bacteria in response to
metabolic/environmental stress. This ability to synthesize and store an
osmotically inert intracellular carbon source provides such bacteria with
an evolutionary advantage and survival mechanism. In the event that
PHA-containing bacteria die, other microorganisms that have evolved
with the ability to degrade PHAs utilize the extracellular polyester
granules as a carbon source to sustain their own survival. The utilization
of such high molecular weight, water-insoluble polymers by
microorganisms requires the secretion of degradative enzymes to produce
a water-soluble carbon source. While the secretion of enzymes by
microorganisms to degrade PHAs is an ecological function, and has been
the subject of numerous ongoing research efforts, the microbial secretion
of enzymes which can degrade synthetic polyesters is not inherent or
well understood. Indeed, the de novo microbial synthesis and secretion
of enzymes to hydrolyze man-made polyesters has had little detailed
investigation, despite its practical and potential industrial importance.
That is, the greatest advances in our understanding of polyester
degradation have come from research efforts dedicated to the
investigation of natural polymer degradation.
PHA Biodegradation
PHA degradation by an extracellular enzyme system, which was
first observed in 1963, 14 is the earliest known example of aliphatic
polyester biodegradation. These investigations of the extracellular PHB-
7
hydrolyzing enzyme system secreted by Pseudomonas lemoignei
introduced the concept that the polyesters synthesized by bacteria were
biodegradable outside of the cells in which they were produced. Lusty
and Doudoroff described the PHB hydrolase production by a soil
microorganism as a constitutive enzyme secretion process. 15 Delafield
and Doudoroff shed insight into the complexities of the enzyme system
and the depolymerase hydrolytic activity towards the insoluble
polymeric substrate. 16 They were the first to ascertain that the reaction
was limited to the polymer/water interface.
A significant period of time lapsed before the potential of
microbial polyesters as biodegradable thermoplastics was fully
recognized, after which intensive research has focused on the bacterial
production of PHAs and their degradation by other
microorganisms. 3,17,18 Recent research has produced an intricate picture
of extracellular PHA degradation by bacteria that has been developed on
many levels.
PHA environmental degradation has been investigated in different
ecosystems including: soil, marine, leaf compost, sewage sludge, forest
soil, roadside sand, pond sediment and landfill environments. 19
" 22
Microorganisms found in these ecosystems have been isolated by culture
enrichment and petri dish clear zone formation, and subsequently a
large number of PHB and PHA degrading organisms were classified with
great taxinomical variety. Mergaert, et al. found that of approximately
295 microbial strains capable of degrading PHB, 209 isolates were
prokaryotic organisms belonging to Acidovorax facilis sp., Variovorax sp.,
Bacillus sp., and Streptomyces sp. while 86 isolated eukaryotic strains
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were mostly the moulds Aspergillus fumigatus and Penicillium sp.
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Environmental degradation studies of the bacterial polyesters have
shown that these materials were degraded most rapidly in compost,23
sewage, 24 and soil,21 * 25 solid waste disposal environments where
populations of active eukaryotic organisms are large. The important role
of fungal degradative activity in such environments is well documented
with respect to other natural polymeric materials(ie: cellulose, amylose,
lignin), and a growing number of studies have recognized the ability of
fungi to degrade bacterial PHB and its PHB/V copolymers. 19 - 20 Matavulj
and Molitoris tested the ability of fungi to degrade PHB by systematical
affiliation, and found that some members of basidiomycetes,
deuteromycetes, ascomycetes, zygomycetes, chytridiomycetes and
myxomycetes could degrade PHB. 26
Several molds have been isolated as participants in the
environmental degradation of polyesters. 27 ' 28 Others have observed the
ability of Paecilomyces lilacinus to grow on PHB and PCL, and compared
the depolymerase activities found in the liquid cultures. A fungus grown
on PCL or PHB was found to secrete depolymerase activity towards both
polymers to varying degrees, as a function of which polymer was used as
carbon source. The authors concluded that separate PHB and PCL
hydrolase activies were secreted simultaneously.
29 McLellan and Hailing
PHB used crude hydrolase activity from Penicillium simplicissimum and
a Eupenicillium sp. to ascertain that fungal PHB hydrolase activity was
tolerant of acidic conditions.
30 Nevertheless, the detailed
characterization of eukaryotic PHA degradation and the enzymes
secreted remains largely unknown. Instead, research studies have focused
on the enzymatic PHB degradation by depolymerases produced by
bacteria.
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Isolated PHA Depolymerases
Of the identified PHA-degrading microorganisms, the extracellular
PHB depolymerases from Pseudomonas lemoignei, Comamonas
testosteroni, Alcaligenes faecalis, Pseudomonas stuzteri, Pseudomonas
picketti and Penicillium funiculosum (a eukaryote) have been isolated
and characterized. 31 ' 32 Biochemical characterization has shown these
depolymerases to have SDS-PAGE determined molecular weights between
40 and 60 kDa, alkaline isoelectric points and activity maxima (pH 7.5-
9.5), whose products from the hydrolysis of high molecular weight PHB
are predominantly monomer, dimer or trimer. In addition, PHO
depolymerase systems from Pseudomonas fluorescens22 and
Pseudomonas maculicola^ have been investigated.
Characterization of PHA Depolymerases
In the study of PHB depolymerase enzyme systems, considerable
efforts have been made to characterize the bacterial enzymes in greater
molecular detail. PHB depolymerase primary structures have been
determined for A. faecalis}*1 P. picketti} 5 a Comamonas sp.}°
Streptomyces sp., 37 all five P. lemoignei PHA hydrolases,38 and a PHO
hydrolase from P. fluorescens} 1 PHB, PHV and PHO depolymerase
primary structures have been compared to structures of other esterase
enzymes. The PHA depolymerases from eukaryotes were identified as
serine esterases by the presence of a "lipase box" Gly-x-Ser-x-Gly
consensus sequence, and a catalytic triad consisting of a serine, histidine,
and aspartate. 37 A conserved region with two histidine residues
resembling the "oxyanion pocket" sequence was also found in all of the
PHA depolymerases surveyed by the homology study.
36
'
37 Further
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primary structure analysis which compared the positions of the putative
catalytic residues and the binding domains of several depolymerase
enzymes revealed that catalytic domains occur at polypeptide N-
terminal regions, which are linked by a short connective sequence to the
C-terminal "binding domains". 38
PHB Degradation bv PHB Depolymerases
The isolated PHB depolymerases have been instrumental to the
elucidation of details of the PHA biodegradation process. The ester
hydrolase enzymes secreted by bacteria usually exhibit strong substrate
specificity, and PHB depolymerases were found to degrade poly([R]-3-
hydroxybutyrate) (PHB), poly([R]-3-hydroxybutyrate-co-valerate) (PHB/V)
and poly([R]-3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB/4HB)
copolymers and poly(3-hydroxyproprionate) (P(3HP)) and poly(4-
hydroxybutyrate) (P(4HB)). PHAs with larger repeating units or chain
branching were not effected by these enzymes. 39
Furthermore, substrate characteristics such as surface area, 16
crystallinity, 40,41 stereochemical composition and tacticity,42 " 45 as well
as copolymer composition, 31,46 have been shown to determine the rate
of polymer hydrolysis by PHB depolymerase. Generally, however these
factors are all interdependent, and it is only with great care that one can
study an isolated parameter's effect on enzymatic degradation.
In conjunction with the characterization of the heterogeneous
enzyme kinetics, several models of enzyme behavior have already been
proposed47,48 to describe the deviation from Michaelis-Menten kinetics.
An effort was recently made to understand the specific forces governing
depolymerase enzyme-polymer interactions, however only peripheral
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thermodynamic parameters such as AH absorption> and AG* e sterase were
derived in studies using the A. faecalis PHB depolymerase.49
PHB Depolymerase Chain Cleavage Action Patterns
For many years the exact mechanism of the hydrolase enzyme's
action on the substrate has been hypothesized
31
-
44
*
45
-
50 but only limited
details have been determined51 - 52 through analysis of the degradation
products of PHB polymer and oligomers.
Much of the speculation results from attempts to draw distinctions
between two possible mechanisms of polyester hydrolysis during
degradation by depolymerases. Endo and exo chain cleavage are
demonstrable mechanisms of enzymatic cellulose degradation, but are
not yet entirely understood.
53
-
54 (Figure 1.3) Exo-degradation refers to
polymer chain cleavage in successive reactions from a chain end,
while
endo-degradation can occur by cleavage reactions randomly
distributed
along the polymer backbone. One or both mechanisms
may occur in PHA
degradation, and it is important to clarify these
mechanistic details to
determine the degradation responses of aliphatic
polyesters in the
environment, and to design new synthetic
biodegradable materials.
Figure 1.3 Schematic representation
of depolymerase modes of action.
Sequential exo-depolymerase action (1, 2, 3,
etc.) ana
random endo-depolymerase action (4, 5, 6)
on a polymer
chain are indicated by the arrows.
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While bacterial polyesters were studied in great detail, almost
exclusively in terms of prokaryotic biosynthesis and biodegradation, the
field of synthetic polyester degradation has been, with the exception of
poly(p-butyrolactone) (PBL) (synthetic analog of PHB) biodegradation,
limited to degradation studies utilizing eukaryotic organisms. Studies on
the biodegradation of synthetic polyesters have generally been limited to
two areas: (1) biological degradation in various environments,21
including petri dish clear-zone studies with isolated strains of fungi,29,55
"
58 and (2) in vitro studies of hydrolysis by various commercially
available enzymes which are produced by fungi.
The environmental degradation of synthetic aliphatic polyesters
was not thoroughly investigated until recently when several studies were
made on poly(e-caprolactone) (PCL) 21 ' 59 and the recently developed
"Bionolle™" polyesters, 27 which are chain-extended modifications of
poly(tetramethylene succinate) (PTMS), poly(tetramethylene succinate-
co-adipate) (PTMS/A), and poly(ethylene succinate) (PES). Nishioika, et
al. and Nishida, et al. recognized the ultimate importance of the
environmental response of polyesters in approximating
"biodegradability". Most earlier researchers preferred the petri dish
degradation experiments, often according to an ASTM degradation test
method, due to the well defined conditions that may be applied in the
laboratory.
Investigations by Darby and Kaplan in 1968 showed that low
molecular weight polyethylene adipate) (PEA), polyQrimethylene
adipate) (PTA) and poly(tetramethylene adipate) (PTMA) supported
dense fungal mycelial growth of A. niger, A flavus, A. versicolor (all of
the
genus Aspergillus) P. funiculosum, P. pullulans, and C. globosum
1 3
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These results inspired others to investigate further. Condensation
polyesters with variations in the diol and diacid units, as well as PCL
were degraded by fungal cultures to show that increasing hydrocarbon
content as well as increasing molecular weight of the polymers reduced
the susceptibility to microbial attack. 55 ' 61 Synthetic p-
hydroxyalkanoates, prepared by ring-opening polymerization reactions,
were investigated in 1979 using petri dish fungal growth methods to
qualitatively characterized the effects of the side chain bulk and
tacticity on fungal degradability. 57 PCL film biodegradation was also
investigated by scanning electron microscopy to demonstrate the effects
of surface area and morphology on enzymatic degradation by fungi,62,63
including Aspergillus fumigatus ssp. fischeri?** as well as a yeast.64
The commercialization of PTMS based materials in Japan has
stimulated research to support the claim that these materials are
biodegradable. Recently, a study of soil samples found that five isolates,
primarily molds, and an actinomycete were capable of utilizing PTMS in
liquid culture experiments. 28 Another recent investigation has also
found that the filamentous fungi Paecilomyces lilacinus secreted both
PCL and PHB hydrolase enzymes simultaneously. 29 Oda, et al. observed
that the activities towards PCL and PHB varied according to which
polymer was used as sole carbon source, thus indicating that the
activities were represented by different enzymes. Through such studies
the biodegradation of synthetic aliphatic polyesters by fungi has been
characterized, albeit qualitatively.
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Fungal Enzvmes Known to Degrade Synthetic Polyesters
The primary objective these studies has been to verify that
polyester degradation occurred through microbial degradation processes,
but an understanding of the enzymatic mechanisms that fungi employ
to degrade synthetic polyesters was generally not developed. Only in a
few exceptions have researchers isolated and identified the enzyme
systems responsible for the hydrolysis of the polyester. In the study by
Tokiwa, et al, the enzyme system produced by a Penicillium isolate
grown on PEA was purified, characterized, and its substrate specificity
was investigated. 65 They concluded that the enzyme was a lipase
because it had broad activity towards triacylglycerides as well as to a
large number of unbranched aliphatic polyesters. Recent investigations
confirmed that not only lipases, but also fungal cutinases are active for
the biodegradation of PCL.66
In a 1977 publication, Tokiwa elaborated on his earlier observation
and found that commercially available preparations of lipases had
activity towards a diverse array of polyesters.67 This discovery formed
the basis of the general application of in vitro polymer degradation by
enzymes with known biochemical reactivity in tests for
biodegradability. 68 The use of commercially available enzyme
preparations further simplified the experimental determination of
biodegradation susceptibility. All of the factors were easily controlled in
vitro, which is an approach that circumvented the application of living
microorganisms. Results from in vitro experiments could also be
obtained in a minimal period of time.
Recent studies have compared a wide variety of prokaryotic and
eukaryotic lipases to the PHA depolymerase activity with regard to their
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substrate activity. 39 In vitro enzyme analysis has also been used to
demonstrate susceptibility to biological attack. 69 However, this
technique has the potentially misleading flaw that the enzymatic
catalysis of degradation occurring in the test tube, may not be the same
catalytic system employed by microorganisms in the environment. For
example, in the case of poly(l-lactide) ([S]-PLA) which is readily
hydrolyzed by several proteases in vitro,70 ' 11 the polyester did not
support the growth of fungi in petri dish experiments. 58 The fungi
apparently do not secret proteases in response to the presence of
polyesters despite the susceptibility of PLA to such proteolytic enzymes.
Thus, it is important to identify the type of enzyme(s) used by the
microorganisms to a obtain soluble carbon source from polymers, and to
characterize the mechanism of enzymatic degradation of the polymers.
Depolymerase Structure and Function
In the study of the biodegradation processes of naturally occuring
polymers, PHA and aliphatic polyester systems have several parallel
features to cellulose degradation systems that renders cellulase literature
insightful. (For a review of cellulase literature see: Beguin, 1994.72 )
Cellulosic polysaccharides and aliphatic polyesters are both water
insoluble polymers, and like other polymers, both contain amorphous
and crystalline phases. Other facets of cellulose and polyester
degradation that are found in common, are the microbial diversity of
prokaryotes and eukaryotes which must solubilize the available carbon
source by the secretion of extracellular enzymes. 26 '
73 Similarities between
the enzyme systems such as the observed distinct two domain structure,
well defined degradation product distributions, and the kinetic
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complexities inherent to heterogeneous catalysis are also found.
Therefore, the cellulase/cellulose interactions can serve as a guide for
studies on polyester hydrolases and can provide precedent for
experimental interpretation.
The understanding of the interactions between cellulases and
cellulose was advanced by others through the use of substrate specificity
and enzyme kinetics experiments with both insoluble polymer and
soluble oligomers. 74 - 75 In addition, enzyme-substrate binding
interactions have been described for a number of cellulase systems,
which experimentally proved that the roles of the enzyme catalytic and
binding domains are functionally independent and complimentary. 76,77
More detailed studies have characterized the cellulase adsorption to
microcrystalline and completely amorphous cellulosic materials.
Cellulase adsorption behavior in both cases followed a Langmuir
isotherm that was dependent on the total surface area of the substrate,
and independent of sample morphology. 78,79 Thus, the macroscopic
polymer degradation behavior of the enzymes can be treated as a two-
step process in which the enzyme first adsorbs to the substrate surface,
followed by catalytic action and product release.
The structural relationship of cellulases to their substrate and the
mode of enzyme action illustrates the further complexity of the enzyme-
polymer interaction. Though still not fully understood, the definitions of
endo and exo modes of activity have been mechanistic models with
which to discuss the enzymatic attack of the polymer chains. More
flexible conceptual mechanisms, shown in Figure 1.4, were developed by
Robyt and French to describe amylase action patterns, and illustrated
that the cases of endo and exo chain attack could be considered
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extremes of which varying degrees were operative for a given
enzyme. 80,81
The enzyme subsite theory developed by Hiromi, et al. was used to
describe interactions between a polymer chain and the enzyme active
site. The interactions between the enzyme catalytic domain and the
substrate can be divided into two specific features: (1.) enzyme-substrate
binding, the source of substrate recognition in the active site, is mediated
by several enzyme "subsites" or binding pockets, that interact with
individual repeating units of the polymer chain, and (2.) the catalytic
chain cleavage by the active peptide residues at a defined position
between the subsites. The subsite theory asserts that each enzyme subsite
has a given energy of interaction with the substrate, that is dependent
on the substrate conformation and specific chemical interactions with
the polymer chain repeating units.
Using kinetic parameters from oligomer degradation experiments,
the energies of enzyme-polymer interaction at each subsite can be
calculated. 82 Such calculations showed that both positive and negative
energies of enzyme-substrate interaction existed depending on the
subsite's position relative to the cleavage site (Figure 1.5). The subsite
affinity theory provided compelling explanations for a number of
experimental results, including the degree of polymerization of
degradation products formed, competitive inhibition, non-productive
substrate binding, and sequential chain scission of polysaccharides.
(Figure 1.6) Clearly, the general concepts of subsite theory can also be
applied to the substrate specificity of the polyester hydrolases,
permitting new approaches in identifying the chemical features
important for substrate recognition and polyester biodegradation.
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(A) Single Chain
(B) Multichain or Single Attack
(C) Multiple Attack
Figure 1.4 General mechanisms of polymer chain enzymatic attack,
adapted from Robyt. 80 Numbers indicate the
sequence of chain cleavage reactions along the polymer
backbone. ''Single chain" attack is analogous to exo
degradation, "Multichain" represents endo cleavage, and
"Multiple" attack is a representation of a possible mixture.
Figure 1.5 The subsite model and calculated energies of interaction at
each subsite for an (a) ^-amylase, and (b) for an endo-
amylase. The arrow indicates the site of chain scission.
Positive interaction energies are indicate binding forces,
while negative energies are repulsive of polymer
8 2
chain interactions. Adapted from Hiromi.
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initial enzyme- substrate complex
two polysaccharide fragments at the
active
J
site
dissociation of the fragment with the
nonreducing end
repositioning of
reducing end and
the fragment with the
subsequent cleavage to
give \ maltose
O-0
dissociation of maltose; ready for repositioning
and another attack
Figure 1.6 Representation of degradative enzyme-polymer interactions.
The depolymerase's catalytic domain (with 5 subsites shown
as semicircles) interacts with the polymer chain in a
"multiple attack" sequence of events, as adapted from
Robyt. 8 1
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Ultimately, the information obtained from three dimensional
structural characterizations of depolymerase enzymes confirmed the
validity of the subsite theory approach. Cellobiohydrolases CBH I83 and
CBH II84 from T. reesi, which were characterized by high resolution X-ray
crystallography showed that these enzymes have catalytic domains that
are 20 to 50 A long with 4 to 7 subsites (one for each sugar residue), with
the catalytic residues found between subsites 2 and 3. The cellulase
catalytic domains are formed by a p-barrel or two (3-sheets ((3-sandwich),
polypeptide tertiary structures of several a-helixes or 2 p-sheets,
respectively, which collectively form a closed tunnel or a open cleft
enclosing the subsites and catalytic residues. 85 The existence of closed or
open active site structures is believed to be responsible for the primary
differentiation between cellobiohydrolases and endoglucanases. While
drawing direct parallels between the structure and action of cellulases to
PHA depolymerases would be purely speculative, this level of insight into
depolymerase structure and function, nonetheless has permitted the
formulation of innovative questions and experiments for the study the
enzyme-polymer interactions of polyester depolymerases.
Polymer Chain Conformation and Morphology
Polyester morphology and crystallinity are among the intrinsic
properties of the substrate which influence degradative action by
enzymatic hydrolysis. Bacterial polyesters, once extracted from the
bacterial cells may obtain crystallinities as high as 60-75%, as found for
PHB. Crystalline regions are hydrolyzed more slowly than the amorphous
material of the polyester substrate,
40
'
41
'
56
a universally observed
phenomenon during the enzymatic biodegradation of insoluble
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polymeric materials. 85 Estimates suggest that the amorphous polyester
regions may be hydrolyzed more than 10 times faster than the
crystalline material. 40 Explanations for this phenomenon are
considerably less uniform, although most focus on the highly ordered
nature of crystalline structures.72
Crystalline chain conformations of aliphatic polyesters have been
studied in great detail, providing some of the earliest insight into
polymer conformations in the solid state. C.S. Fuller investigated the
morphology and structures of aliphatic condensation polyesters. Using
x-ray crystallography, chain conformations of oriented fibers of
polyethylene- succinate, adipate, sebacate, and azelate were readily
identified. 86,87 More recent crystallographic studies revisited
polyethylene succinate, 88 while others investigated poly(tetramethylene
succinate), n - 89and PEA,90 as well as PCL,91 -92 PHB and PPL materials.93
" 95
Of the aliphatic polyesters, only isotactic, side chain bearing bacterial
PHB, which crystalizes in a left handed 2\ helix, possed a well defined
helical conformation in the crystalline state. Unbranched, aliphatic
polyesters were found to crystallize in extended chain type
conformations almost without exception.
Few studies have investigated the effect of polymer chain
conformation on enzymatic susceptibility in particular, although there
are ample indications that the molecular structure is important during
depolymerization reactions. 40 - 72 Furthermore, since the crystalline phase
comprises a significant fraction of aliphatic polyester materials, it would
seem important to understand the morphological effects on
biodegradation in greater detail. The chemical, morphological and
conformational aspects of polymers are inter-dependent factors, and
thus it is only with great care that an isolated parameter's effect on
biodegradation processes can be elucidated.
Dissertation Objectives and Overview
The experiments conducted under the present dissertation fall into
three categories: (1.) production of fungal polyester hydrolyzing
enzymes, (2.) purification and characterization of the proteins of
interest, and (3.) studies of the enzyme-polymer interactions and
products of polyester degradation.
A number of experimental opportunities fortuitously presented
themselves during the course of this research program, and several
interesting excursions were embarked upon. For one, collaborations
within the • Polymer Science and Engineering Department provided the
opportunity to conduct molecular modeling of aliphatic polyesters to
gain insight into the chemical and molecular structures which influence
an enzyme's substrate specificity. For another, parallel interests in
characterizing the mechanistic aspects of PHB depolymerase action on
the substrate led to a collaboration with B. Bachmann at the ETH
Laboratorium fur Organische Chemie in Zurich, Switzerland. In that
study, cyclic oligomers of PHB and PHV synthesized by Professor D.
Seebach's group, and depolymerase enzymes produced in Amherst were
used to determine the mode of enzyme attack, the site of stereochemical
selectivity in the enzyme-substrate interaction, and some novel aspects
of the active site domain structure.
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Chapter Contents
The goal of this dissertation was to examine the relationships
between the microorganism, the enzymes secreted, and the polymeric
substrates involved in the process of polyester biodegradation (Figure
1.7). To provide a more complete understanding of polyester
biodegradation as a microbiological function, a species of fungus,
Aspergillus fumigatus, which is known to degrade both bacterial and
synthetic polyesters, 20,59 was utilized. The enzyme systems responsible
for the catalytic hydrolysis of aliphatic polyesters secreted by this
fungus, and their physico-chemical interactions with the polymer, are
the main subjects of this dissertation. An integral understanding of the
microbial and enzymatic mechanisms involved in polyester degradation
can be used to direct the future design of advanced materials with well
controlled properties, among them biodegradability.
Microorganisms
(bacteria, fungi, yeasts)
Degradation Enzymes
Products
Polymers
Figure 1.7 Interdependent relationship of the polymer degradation
processes. The relationship between the microorganisms
which utilize a polymeric substrate and the enzymes which
are secreted to degrade the polymer to soluble carbon source
are shown.
The investigation of fungal polyester degradation began with PHB
and PCL petri dish-clearzone studies of an organism isolated from the
Springfield, MA municipal compost facility. The fungi showed an
excellent ability to degrade these polyesters which appeared to be the
result of extracellular enzymatic activity. An investigation of the fungal
polyester hydrolase enzymes could provide important insight into
eukaryotic mechanisms of polyester degradation, which is a field
understood primarily in terms of prokaryotic enzymes and metabolism.
The polyester-degrading enzyme systems isolated from Aspergillus
fumigatus could also be used to enhance the understanding of
biodegradable polyester solid waste management during composting.
The production of fungal polyester hydrolases in liquid media
culture is described in Chapter 2. In this study, measurement and
optimization of enzyme activity in the crude supernatants of the
filamentous fungi Aspergillus fumigatus was carried out. A procedure to
purify a PHB hydrolase was developed, and the subsequent biochemical
characterization of the isolated enzyme is also discussed.
Chapter 3 describes PHB hydrolase substrate specificity
experiments. In vitro enzymatic degradation of bacterial polyester films
was conducted with the isolated PHB depolymerase from A. fumigatus.
The dependence of sample weight loss on copolymer content and sample
morphology was examined. Samples of synthetic racemic poly([R,S]-(3-
butyrolactone) of different tacticities were also included in the studies.
Further studies of aliphatic polyester susceptibility to fungal PHBase
hydrolysis provided unexpected results. The enzyme's broad degradative
activity towards condensation polyesters and a lack of hydrolytic
activity towards other polylactones was observed. Degradation product
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analysis by reverse phase-HPLC were combined with molecular modeling
of the polyesters to elucidate the chemical and structural relationships
for PHB depolymerase substrate activity and biodegradability.
Characterization of the specific enzyme-polymer interactions of
the PHB depolymerase system is the topic of Chapter 4. The adsorption-
desorption behavior of PHA depolymerases on polymer surfaces has not
been described previously in the literature, although several kinetic
models have been developed to treat it implicitly.47 - 48 Material
presented in this chapter was obtained from investigations of enzyme
adsorption and desorption kinetics, in addition to the effects of
temperature, extraneous protein and surfactant concentrations on
enzyme activity. Substrate-analogous inhibitors such as [R,R,R]-3-
hydroxybutyrate triolide and [R,R,Sl-3-hydroxybutyrate triolide and their
influence on PHBase action were investigated. The PHB depolymerase
substrate specificity of adsorption was investigated, to determine the role
of polyester chemical structure on enzyme surface binding.
Chapter 5 presents the results of the effort to define the PHA
depolymerase mode of action as being either (or both) endo or exo. PHB
depolymerases from A. fumigatus M2A and Alcaligenes faecalis Tl were
observed to hydrolyze a series of cyclic oligomers of PHB and PHV.
Enzymatic hydrolysis studies were also conducted on a series of [R]-and
[S]-|3-3-hydroxybutyrate stereoblock linear octamers. This work was done
in collaboration with Professor D. Seebach at the Eidgenossishe
Technische Hochschuhle in Zurich, and Beat Bachmann, who synthesized
and characterized the linear stereoblock p-hydroxybutyrate octamers. A
comparative study of degradation product formation (as a function of
time) for both linear and cyclic oligomers supported a proposed model
of the enzymes" mode of action. Polyester degradation is also discussed
in terms of subsite theory and the well-known serine esterase catalytic
mechanism to provide a rational for the observed enzymatic
degradation behavior of the PHB depolymerases.
The work towards isolating a PCL hydrolase from A. fumigatus
along with some of the difficulties encountered are summarized in
Chapter 6.
A concluding commentary on the processes involved in the
biological degradation of polyesters by A. fumigatus is made.
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CHAPTER 2
A PHB DEPOLYMERASE FROM Aspergillus fumigatus:
PRODUCTION, ISOLATION AND CHARACTERIZATION
Abstract
A strain of Aspergillus fumigatus isolated from leaf compost was
found to degrade poly(P-hydroxybutyrate) (PHB), poly(e-caprolactone)
(PCL), poly(8-valerolactone) (PVL), polyethylene adipate) (PEA),
poly(tetramethylene adipate) (PTMA), poly(ethylene succinate) (PES),
and poly(tetramethylene succinate-co-adipate) (PTMS/A) when each
polyester was used as the sole carbon source in liquid culture media.
When grown on PHB the fungal isolate secreted an extracellular PHB
hydrolase which was subsequently purified and characterized. The
purified PHB depolymerase from A. fumigatus had a molecular weight of
57 kDa, and an isoelectric point of 7.2. The temperature and pH activity
maxima occurred at 70°C and pH 8.0, respectively. Affinity labeling
experiments suggested that the fungal PHB depolymerase is a type of
serine esterase. In addition to degrading the short side chain poly((3-
hydroxyalkanoates), the purified PHB depolymerase was found to have
unusually broad hydrolytic activity towards polyesters, including PEA,
PES, PES/A, PTMA, and PTMS/A, but PCL and PVL were not hydrolyzed by
this PHB depolymerase. These results suggest that A. fumigatus must
secrete an additional hydrolase other than the PHB hydrolase, to account
for its versatile ability to biodegrade aliphatic polyesters.
Introduction
The role of fungi during aliphatic polyester biodegradation was
recognized early in the study of biodegradable synthetic polymers.
Fields, 1 Huang, 2 Kaplan, 3 and others4 - 5 used ASTM testing methods of
fungal growth on polyesters to provide the first evidence that synthetic
polymers could be biodegradable. Since then, bacterial poly((3-
hydroxyalkanoate)s (PHAs) have been investigated in far greater detail
because of their excellent thermoplastic properties and utility as
commercial biodegradable materials. 6 ' 7 Interdisciplinary research efforts
have characterized PHA material properties, 8 PHA microbial occurrence, 9
bacterial PHA biosynthesis and genetics, 10 PHA molecular physiology, 7
and PHA biodegradation. 1 u 2 The extensive investigation of PHAs has
yielded many new insights into polyester biodegradation, although
almost exclusively in terms of prokaryotic enzyme systems and
organisms.
Naturally occurring PHAs are degraded by a diverse consortium of
microorganisms in both terrestrial and estuarine ecosystems. 1 3,14 To
facilitate the biodegradation of extracellular polymeric carbon sources,
microorganisms secrete degradative enzymes which are generally referred
to as depolymerases. The extracellular PHB degrading enzyme systems of
the following organisms have been isolated and characterized:
Pseudomonas lemoignei, Comamonas testosteroni, Alcaligenes faecalis,
Pseudomonas stuzteri, Pseudomonas picketti and Penicillium
funiculosum (a eukaryote). 1
2
'
1
5
The purified PHB depolymerases from these organisms have been
used to study specific factors which affect PHA biodegradation. The
polyester hydrolases from bacteria exhibit distinct substrate specificities.
PHB depolymerases have been shown to hydrolyze PHB, PHB/V and P(3HB-
4HB) copolymers and poly(3-hydroxyproprionate) (P(3HP)) and poly(4-
hydroxybutyrate) (P(4HB)), while polymers with larger repeat units or
side chains were not degraded. 16 PHB enzymatic degradation products
are monomer, dimer or trimer, whose ratios appear to be a function of
the enzymes' individual degradation patterns. Other substrate
characteristics such as surface area, 17 crystallinity, 1 1,18 stereochemical
composition and tacticity, 19 " 22 as well as copolymer content, 15 ' 23 have
been shown to determine the rate of polymer hydrolysis by PHB
depolymerases. The investigation of enzyme-polymer interactions has
been instrumental in extending our understanding of aliphatic polyester
biodegradation processes.
Molecular analysis of the prokaryotic PHA depolymerases has
revealed that the enzymes belong to a unique class of hydrolases.
Enzyme molecular weights, determined by SDS-PAGE, range between 40
and 60 kDa, and typically exhibit alkaline isoelectric points and activity
maxima between pH 7.5 and 9.5. PHB depolymerase primary structures
have been determined for A. faecalis 24 P. picketti,
25
a Comamonas sp. 26
a Streptomyces sp., 14 all five P. lemoignei PHA hydrolases,
27 and a PHO
hydrolase 14 from P. fluoresce™. PHA depolymerase primary structures
were surveyed by sequence homology analysis, and identified as serine
esterases by the presence of Gly-X-Ser-X-Gly "lipase box" consensus
sequences. The different PHA depolymerases all appeared to have a
catalytic triad formed by serine, histidine, and aspartate residues in
the
active site. 14 ' 26 Tertiary structures of PHB depolymerases are believed
to
consist of two functionally separate domains: a PHB binding domain
and
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a catalytic domain. 24 - 27 Experiments in which proteolytic treatment of
PHB depolymerases modified the PHB hydrolase activity confirmed that
the enzymes have a two domain structure.28 The PHB depolymerase
tertiary structures were found to bear an intriguing resemblance to the
two-domain motifs of other polymer degrading enzymes such as
cellulases. The role of these domains during polymer degradation is
explored in subsequent chapters.
The environmental degradation of polyester materials occurs very
rapidly in compost,29 sewage, 30 and soil. 31 - 32 All of these are
environments where populations of active eukaryotic organisms are
large. Such environments also comprise the primary means of managed
solid waste disposal for biodegradable polymers. The important role of
fungal degradative activity in such environments is well documented
with respect to other natural polymeric materials (i.e.: cellulose,
amylose, lignin), and a growing number of studies have recognized the
ability of fungi to degrade bacterial PHB and its PHB/V copolymers. 13,33
Matavulj and Molitoris examined the ability of fungi to degrade PHB by
systematic affiliation, and found that members of basidiomycetes,
deuteromycetes, ascomycetes, zygomycetes, chytridiomycetes and
myxomycetes are able to degrade PHB. 34
Brucato and Wong reported the isolation and characterization of a
PHB depolymerase from the filamentous fungus Penicillium
funiculosum. 35 This PHB depolymerase was found to be a monomeric
glycoprotien with a SDS-PAGE molecular weight of 37 kDa, an acidic
isoelectric point (5.8) and an activity maximum at pH 6.0. In its
capacity to degrade PHB, the fungal depolymerase appeared to be similar
to the bacterial enzymes. With this exception, the processes and enzymes
38
that catalyze PHA biodegradation by eukaryotic organisms remain poorly
understood.
Although eukaryotic organisms have been isolated as participants
in the environmental degradation of synthetic and biosynthetic
polyesters, 36 " 39 a detailed investigation of the enzyme systems
responsible for fungal polyester degradation has not been made.
The filamentous fungus Aspergillus fumigatus, has been previously
cited for its capacity to degrade aliphatic polyesters. 13,34,36 The current
work investigated the enzymes which catalyze fungal polyester
biodegradation. Aspergillus fumigatus (M2A), isolated from municipal
leaf compost for its ability to degrade PHB, was also found to grow
actively on PCL, poly(8-valerolactone) (PVL), poly(ethylene adipate)
(PEA), poly(tetramethylene adipate) (PTMA), poly(ethylene succinate)
(PES), and poly(tetramethylene succinate-co-adipate) (PTMS/A).
The liquid culture fermentation of PHB by A. fumigatus M2A to
produce of an extracellular PHB hydrolase is described in this report. The
purified PHB depolymerase was characterized, and the catalytic role of
the enzyme in the biodegradation of synthetic and bacterial polyesters
by A. fumigatus was evaluated.
Experimental
Fungal Strains and Media
Fungal isolates were obtained from the Springfield MA, municipal
leaf compost by culture enrichment methods selecting for PHB degrading
organisms. 40 Several fungal isolates were obtained, primarily of the
genera Aspergillus and Penicillium.
29 Later taxonomical analyses
39
identified the fastest growing isolates (M2A and T3A) as strains of the
species Aspergillus fumigatus.
Cultures were maintained on potato dextrose agar (PDA) (Difco
Laboratories) and PHB minimal basal medium overlay plates, in
alternation. Minimal basal medium (MBM) for overlay plates contained
(per liter): NaCl, 0.9 g; NH4CI, 1.0 g; Na2SC>4, 0.10 g; MgCl 2.6H 20, 0.20 g;
CaCl 2-2H 20, 0.05 g; KH2P04 , 0.30g; Na2HP04.7H 20, 0.53 g; Agar, 10.0 g;
and 10 mL dilute vitamin solution Z. Stock vitamin solution Z contained
(per liter): biotin, 2.3 mg; folic acid, 2.0 mg; pyridoxine (B6) 10.5 mg;
thiamine-HCl (Bl), 5.2 mg; riboflavin (B2), nicotinic acid, 5.0 mg;
cyanocobalamin (B12), 0.1 mg; p-aminobenzoic acid, 5.0 mg; and lipoic
acid, 5.0 mg. Vitamin solution Z was sterilized by passing through a 0.20
micron filter and diluted 5x before use.
PHB petri-dish overlays were made by mixing a hot solution of 2.0
% low melting Agarose (Sigma Chem.) and an equal volume of sterile PHB
suspension (1 mg/mL) in double distilled H 20, 5- 10 mL of which was
poured over plates with a solidified MBM/agar(l%) base. The cultures
were incubated at 30°C and observed at 2 day intervals for fungal growth
and clear-zones in the polymer overlay.
Liquid Culture Fermentation
Liquid fermentations utilized MBM, with 20 mM carbon source (2.0
g PHB powder/L) and the omission of agar. Fungal spores added directly
from PDA bottle slants were used to innoculate the medium. In addition
to MBM, a second basal medium was used for the observation of fungal
growth on bacterial and synthetic aliphatic polyesters. This medium
(TM) contained (per liter): polymeric carbon source, 2.0 g; NH4CI, 1.0 g;
40
KH 2P04 , 0.2 g; K2HPO4, 1.6 g; MgS04.7H 20, 0.2 g; NaCl, 0.1 g; CaCl2.2H 20,
0.02 g; and trace mineral supplement, 2.0 mL. Trace mineral
supplement consisted of (per liter 10 mM NaOH): Na2SeC>3.5H 2 0, 6.0 mg;
Na2Mo0 4-2H 20, 24.0 mg; Na2W0 4-2H 20, 33.0 mg. All fermentations were
conducted using a environmental orbit shaker (Labline Inc. Melrose Park,
IL) at 30- 37°C and 150 RPM.
Polymeric Materials
PHB powder was obtained from Imperial Chemicals Industries (ICI,
UK), and was used as received.
The synthetic polyesters used as growth substrates were processed
to obtain a high surface area to volume ratio. Synthetic low molecular
weight condensation polyesters, poly(ethylene adipate) (PEA),
poly(ethylene succinate) (PES), and poly(tetramethylene adipate)
(PTMA) obtained from Aldrich Chemical Co. (Milwaukee, WI) as pellets
which were ground in liquid nitrogen to coarse powders using a mortor
and pestle.
Poly(caprolactone) (PCL) Mw 2000, 10,000 (Polysciences Inc.,
Warrington, PA) and 50,000 (Union Carbide Co., NJ) were obtained in
bulk or as pellets. Low molecular weight PCL-2000 could be emulsified as
follows: 16 g PCL-2000 were added to 30 drops of Tween-40 surfactant
and 600 mL sterile H2 0, and the mixture was stirred vigorously at 70°C
until the molten polymer was well suspended. The heat source was
removed and stirring continued until the suspension had cooled to room
temperature. The residual large particulate was allowed to settle and
only the suspended material was used.
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High molecular weight PCL pellets required two processing steps.
Samples of pellets (10 g) were dissolved in 250 mL acetone (reagent
grade) and reprecipitated in 500 mL methanol/water (1:1). The
precipitated powder was dried under vacuum (10 mm Hg). In a motor
driven 100 mL glass homoginizer (Ace Glass, N.J.) cooled by a dewar of
liquid nitrogen, 1.5 g precipitated polymer were ground for 45 minutes,
with periodic aggitation by the addition of liquid N2 into the grinding
apparatus. The polymer was recovered upon warming to room
temperature and removal of the fine powder from the apparatus.
Poly(8-valerolactone) (PVL) was obtained from the laboratories of
Prof. Z. Jedlinski, (Polish Academy of Sciences Institute for
Macromolecular Chemsitry, Zabrze, Poland). PVL synthesis methods were
described elsewhere. 41 The polymer powder was used as obtained after a
mechanized grinding procedure in liquid nitrogen similar to that used
for PCL.
High molecular weight poly(ethylene succinate) (PES),
poly(ethylene succinate-co-adipate) (PES/A), and poly(tetramethylene
succinate-co-adipate) (PTMS/A) "Bionolle™" materials (Showa High
Polymer Co. Ltd., Tokoyo, Japan) obtained as pellets (7.0 g) were
dissolved in 250 mL chloroform at 60°C and reprecipitated in methanol
in a commercial glass blender (Osterizer) with vigorous mixing. The
precipitated polymer particles were retained by filtration and dried
under vacuum for 3 days. These processed polymers were sterilized by
suspending the particles in 70% ethanol/ water and evaporating the
solutions from covered vials in vacuo.
[R,R,R]-3-Hydroxybutyrate and [R,R,S]-3-hydroxybutyrate triolide
samples were synthesized and purified according to Plattner and
coworkers. Triolide samples were obtained from Professor D. Seebach
(ETH, Zurich). [R,R,R]-3HB Triolide was used as a 5 mg/mL solution in
deionized H20. [R,R,S]-3HB triolide was disolved in 50/50 vol% H20/
iPrOH at a concentration of 2.5 mg/mL.
Other chemicals: solvents were obtained form J.T. Baker Chemical
Co. (Phillipsburg NJ), and Aldrich Chemical Co. (Milwaukee, MI), and
were used without further purification. SDS-PAGE molecular weight
standards, commercial esterases, inhibitors, biological buffers, and
biochemical reagents were obtained from Sigma Chemcal Co. (St. Louis,
MI). Protease inhibitors were obtained from Boehringer Mannheim Inc.
(Indianapolis, MN).
Polymer Characterization
Polymer molecular weights summarized in Table 2.1 were
determined by gel-permeation chromatography (GPC) in chloroform with
polystyrene standards. A Waters 6000A solvent delivery system and R401
differential refractomer (Waters Associates Inc., Milford, MA) were used
with PL-gel 5M mixed C-50-16 and PL-gel 5M 100A columns (Polymer Labs
Inc., Amherst, MA) in series.
PHB Hydrolase Production
Conditions for PHB hydrolase production and purification were
optimized by the moderation of incubation temperature and soluble
nitrogen source. MBM medium was prepared as a 4.0 liter volume, of
which 1.0 L volumes were placed in 2.8 L Fernbach flasks. Autoclaved
separately, 2.0 g dry PHB powder were added to each flask after
sterilization. The flasks were inoculated with a spatula tip of fungal
spores. Inoculated cultures of A. fumigatus M2A were incubated at 30°C
and 150 RPM. After 3 days of incubation, the flasks showed signs of
fungal growth at the edges of the culture surface, which were then shaken
back into the medium to facilitate uniform fungal mycelial growth in
the supernatant.
PHB Depolvmerase Isolation
Step 1. The level of PHB depolymerase activity found in aliquots of
500 uL supernatant during the fungal PHB fermentation was monitored
by turbidimetry. When high levels of PHB depolymerase activity were
attained (20 AU/100 uL supernatant), the fungal supernatant was
harvested by filtration through a cellulose filter and glass wool.
Step 2. The acidic supernatant (pH< 3.0) was buffered to pH 8.0
with 1.0 M Tris. All subsequent procedures were carried out at 4°C. Spiral
cartridge concentration (Model CH2S with S1Y10 Cartridge, Amicon,
Beverly MA) was used at 20 psi to reduce supernatant volumes from 4 L
to 400 mL.
Step 3. The supernatant volume was further reduced, using a
stirred cell concentrator with a YM10 membrane (Amicon, Beverly, MA),
to approximately 35 mL. Dialysis with MWCO 14 kDa tubing (Spectrum,
Houston, TX) against PEG-20,000 (Fluka Chemie AG., Buchs, Switzerland)
achieved a final volume of less than 15 mL. This crude concentrate was
dialyzed into a 250 mM ammonium sulfate/ 100 mM Tricine-NaOH
buffer (pH 8).
Step 4. Half of the dialysate was loaded onto a Butyl Sepharose-FF
(Pharmacia LKB, Piscataway, NJ) 8.0 mL column bed previously
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conditioned with 250 mM ammonium sulfate/ 100 mM Tricine-NaOH
(pH 8), and rinsed with 25 mL of the same buffer. A 30 mL gradient from
83 mM (NH4)2S04/ 33 mM Tricine-NaOH to 41 mM (NH4)2SC>4/ 15 mM
Tricine-NaOH was used to elute the enzyme collected in 2 mL fractions.
30 mL distilled H2O regenerated the column before a second volume of
dialysate was purified. Fractions with high PHB hydrolase activity were
pooled and dialyzed into 50 mM Tricine-NaOH with 0.10 mM CaCl2-
Purified enzyme was stored at 4°C, or with 10% propylene glycol as
cryoprotectant at -20°C.
Spectrophotometric Enzyme Assays
The PHB turbidimetric assay was made as a suspension of 300
ug/mL PHB powder (Polysciences Inc., Warrington, PA) with a surface
area43 of 8.0 m2 /g in 50 mM Tricine-NaOH/ 0.05 mM CaCl2 (pH 8.0),
and which was sonicated for 10 minutes. The reaction was initiated by
adding 5- 250 uL enzyme preparation to 1.0 mL PHB suspension at room
temperature, and incubating the mixture at 45°C. The change in
scattered light at 660 nm was measured (absorption or "OD") as a
function of time on a Beckmann Instruments Model 24 UV-Vis
spectrophotometer (Irvine, CA). One unit of enzyme activity (AU) was
defined under the above conditions as a change of 0.001 A per minute
( AmA/min).
The turbidimetric enzyme activity assay was extended to other
ester containing substrates such as PCL, tributyrin, and olive oil, as
described below. These methods were used to characterize PHB
depolymerase substrate specificity towards esters.
A PCL-2000 suspension applicable to the turbidimetric assay was
prepared from the PCL-2000 emulsion described above. 15 mL of the PCL-
2000 emulsion was diluted into 250 mL of 50 mM Tricine-NaOH/ 0.05
mM CaCl2 (pH 8.0). The assay was particularly sensitive to Rhizopus
arrhizus lipase activity, although rabbit liver esterase (Sigma Chemical
Co., St. Louis, Mo) also produced a decrease in turbidity at 660 nm
wavelength. The assay preparation described above had an initial
turbidity of 1.2- 1.5 OD, before the addition of enzyme solutions.
Tributyrin (glyceryl tributyrate) emulsions for the turbidimetric
assay of esterase activity consisted of 0.38 volume % tributyrin (Aldrich
Chemical Co, Milwaukee, WI) in 50 mM Tricine-NaOH/ 0.05 mM CaCl2
pH 8.0. Emulsions were prepared just prior to use due to the hydrolytic
instability of the substrate.
Olive oil emulsion (50 wt % olive oil) (Sigma Biochemicals, St.
Louis, MI) was diluted 10,000 fold into Tricine-NaOH pH 8.0 buffer to
achieve a stable emulsion suitable (OD = 1.0- 1.25) for use in the
turbidimetric assay at 660 nm as described above. The assay was suitable
for measuring activity at 37°C or 45°C.
A colorimetric p-nitrophenyl butyrate (pNPB) (Sigma Chemical Co.,
St Louis, MO) assay was adapted from the method described by Schirmer
et al. for p-nitrophenyl octanoate hydrolysis.44
Titrimetric Assay
Reaction volumes of 2.0 mL with concentrations [15- 3000 ug/mL]
of PHB powder suspended in double distilled water were brought to pH
8.0 with 5.0 mM NaOH and 45°C in a temperature controlled water bath.
The contents of the glass reaction vial were held beneath an atmosphere
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of H2O saturated N2. The reaction was initiated by 10 uL PHB
depolymerase in 50 mM tricine-NaOH [20- 40 ug protein/mL]. The
reaction was maintained at pH 8.0 by titration of the produced
carboxylic acid groups with degased 5.0 mM NaOH using a combination
pH micro-electrode (Microelectodes Inc., Londonderry NH. model M-410)
and a Radiometer recording titration apparatus (pH Meter 26, Titrator
11, Titrigraph SBR2c, Syringe burret SBUla, Radiometer, Copenhagen,
Denmark) fitted with a 2 mL syringe and teflon/o-ring plunger (Aldrich
Chemical Co., Milwaukee, WI). The assay could be correlated to the PHB
turbidimetric assay.
In Vitro Film Weight Loss
In vitro polymer film degradation was observed gravimetrically,
under the following conditions: 2.0 cm2 films were incubated in 50 mM
Tricine-NaOH with 500 ppm cycloheximide (CHI) and 20 ul (40 ug
protein/mL ) enzyme preparation at 45°C. Control samples were
incubated under identical conditions, lacking only the addition of
enzyme preparation.
Biochemical PHBase Characterization
Protein concentrations were determined with a Bradford protein
assay reagent (Biorad Labs Inc., Hercules, CA) according to the method of
Bradford45 . Bovine serum albumin was used at 2.5 - 20.0 ug/mL
concentations to calibrate the determination of protein in fungal
supernatants and purified PHBase preparations. Buffer effects on the
reagent assay at 550 nm were corrected.
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Sodium dodecylsulfate-polyacrylamide gel electophoresis (SDS-
PAGE) according to procedures by Laemmli46 was used to characterize
the molecular weight of the purified PHB hydrolase relative to the
following standards: cc-macroglobulin (190 kDa), (3-galactoside (108 kDa),
fructose-6-phosphate kinase (89 kDa), pyruvate kinase (77 kDa),
fumarase (61 kDa), lactate dehydrogenase (41 kDa), and triphosphate
isomerase (36 kDa). 12% gel/Tris-HCl plates were used with a Mini-
Protean II from Biorad Laboratories Inc. (Hercules, CA) for SDS-
polyacrylamide gel electrophoresis.
Glycoprotein carbohydrate content was estimated using sodium
meta-periodate oxidation 47 by dialysis in 50 mM NaI04/ 50 mM Tricine
(pH 5.5), for 24 hours at 4°C, redialysing samples into 5.0 mM Tricine-
NaOH pH 8.0 before analysis. The resulting change in electrophorectic
mobility of the oxidized protein relative to untreated sample and
standards was observed by SDS-PAGE and staining with Coomasie
Brilliant Blue R-250.
The isoelectric point of the PHBase was determined on a 4%
ampholine pH 3.5- 9.5 gradient IEF gel48 using the PhastSystem
(Pharmacia LBK, Piscataway, NJ) with tripsinogen (9.3), lectin (8.8, 8.6,
and 8.2), myoglobin (7.2 and 6.8), carbonic anhydrase I & II (6.6 and
5.9), P-lactoglobulin A (5.1), tripsin inhibitor (4.6), and amyloglucosidase
(3.6) IEF standards (Sigma Chemical Co.).
Temperature & pH Dependent Enzyme Behavior
The optimal conditions for enzyme activity were determined
using the turbidimetric PHB assay with 10 uL (24 ug protein/mL) purified
PHB depolymerase. Suspensions of 300 ug/mL PHB were used in the
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following buffers at 0.5 pH intervals: 100 mM phosphate-citrate (pH 3.0-
5.0), 100 mM MES (pH 5.5- 7.0), 50 mM HEPES (pH 7.0- 8.25), 50 mM
Tricine-NaOH (pH 8.0- 11.5). The biological buffers used were: Tricine; N-
tris[Hydroxymethyl]-methylglycine, HEPES; N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid, MES; 2-[N-morpholino]ethanesulfonic acid.
Activity temperature dependence was determined
turbidimetrically with 50 mM Tricine-NaOH at pH 8.0 in triplicate. The
stirred waterbath temperatures in the range of 20- 80°C were stabilized
before assaying for activity.
The intrinsic thermal stability of the PHB hydrolase was measured
in 100 mM Tricine-NaOH pH 8.0 after an incubation period of 45
minutes. Remaining activity could be determined by the standard PHB
turbidimetric assay.
Enzyme Affinity Labels and Inhibitors
All surfactants and enzyme inhibitors were incubated with 20 uL
PHB hydrolase (20 ug protein/mL) in 50 mM Tricine-NaOH at 20°C, for 30
minutes unless indicated otherwise. Activity inhibition was determined
with the standard PHB turbidimetric assay. A procedure for diazo-
norleucine methyl ester (DAN) was adapted from Rajagapalan, et al.49 A
stock solution of 40 mM DAN in isopropanol, and solution of 100 mM
CuCl2«2H20 in 20mM citrate-phosphate pH 5.5 buffer were used to
innactivate the enzyme. Phenylmethylsulfonyl flouride (PMSF) (200 mM)
and Ebalactone A (6.0 mM) were used as stock solutions in isopropanol.
(pA-PMSF), aminoethyl benzylsulfonyl floride (AEBSF), N-p-tosyl L-lysine
chloromethyl ketone (TLCK), dithiothreitol (DTT) affintiy reagents were
used according to manufacture's guidelines for stability in aqueous
solution. The deuterium isotope effect was determined by preparing an
85% D20/50mM Tricine-NaOH pH 8.0 buffer (1.0 mL) to which 20 uL
depolymerase solution and 300 ug PHB were added. This assay
reproduced the standard turbidimetric assay conditions.
Kinetics
Determination of the depolymerase Km and Vmax was carried out
by the titristatic method. PHB powder with a surface area43 of 8.0 m2 /g
was suspended in double distilled H2O by sonication. Stock PHB
suspensions of 300 ug/mL and 3.0 mg/mL allowed access to a broad
range of substrate concentrations. PHB hydrolase 10 uL (400 ng protein
or 70 AU) preparation were added to substrate concentrations ranging
from 15 ug/2 mL- 6.0 mg/ 2 mL. Inital rates during linear degradation
behavior were applied to the Lineweaver-Burke double reciprocal
analysis.
Degradation Product Analysis
PHB degradation product analysis was conducted on a Shimadzu
LC-6A HPLC with SPD-6A UV-Vis detector (D2 lamp) at 210 nm(Shimadzu,
Tokoyo, Japan). A Biorad HPX-87H (Biorad Labs Inc. Hercules, CA)
column was used with 5.0 mM H2SO4 mobile phase and 0.5 mL/ minute
flow rate. P-Hydroxybutyrate monomers and oligomers were used as
reference standards to identify products. In vitro polyester degradation
media were analyzed after filtering with a 0.45 micron filter.
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Results & Discussion
Fungal Growth
The growth of the fungus in liquid culture was investigated
qualitatively to determine the potential role of Aspergillus fumigatus in
the environmental degradation of aliphatic polyesters. The
characterization of fungal growth is complicated by the morphology of
the organism. Fungal mycelia were the predominant form of A.
fumigatus growth in liquid culture. The mycelial mass grew as a
inhomogeneous suspension, so that measurement of fungal growth using
the optical density (OD) of the culture as typically applied to bacterial
fermentations, was not possible. For the qualitative analysis of fungal
mycelial growth in liquid cultures, daily observations were made relative
to the appearance of the flasks before spore addition and fungal growth
occurring on PHB in similar concentrations. That is, with accumulated
experience fungal mycelial mass could be judged as either not present
(-), or present over the range of (+ to +++++). A greater number of (+)
symbols indicate a greater quantity of mycelia found in the media. This
form of characterization is meant only to suggest the ability of the
fungus to utilize a particular carbon source within the period of
observation.
MBM and TM media (50 mL volumes, see Experimental) were used
to grow A. fumigatus M2A on 150 mg carbon source at 37°C. A. fumigatus
cultures grew on PHB equally well in either MBM or TM media. Generally
the fungal growth appeared within a shorter period of time, and
mycelial mass appeared in healthier condition (white), when grown in
the TM medium with synthetic polyesters as sole carbon source, in
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comparison to fungal growth in the MBM medium. Qualitative
characterization of fungal growth on polyesters included mycelia
occurrence (- to +++++), color, duration of growth, and estimates of the
polymer remaining (Yes/No) after fungal growth had ceased.
The observation of fungal growth on aliphatic polyesters in TM
media are summarized in Table 2.2. A. fumigatus M2A was found to
grow actively on PHB, PCL, PVL, PEA, PTMA, PESfBionolle 6000"™), and
PTMS/A ("Bionolle 3000"™). Other aliphatic polyesters such as bacterial
PHO, poly(l-lactide), poly(d-lactide), low molecular weight poly(ethylene
succinate) (LMw-PES), and PES/A ("Bionolle 7000"™) did not support the
growth of the fungus. Fungal growth on low molecular weight PES, LMw-
PES, and polylactide which appeared after long periods of incubation (2
weeks) may have been stimulated by the products of partial chemical
hydrolysis of the polyesters. That is, small amounts of mycelial growth
may have occurred by a passive utilization of the low molecular weight
subrates, without fungal secretion of hydrolytic enzymes because the
active growth of the fungi on the polymers as sole carbon source requires
the secretion of hydrolytic enzymes to obtain soluble nutrients. Thus, A.
fumigatus secreted enzymes capable of hydrolyzing a wide variety of
synthetic and biosynthetic polyesters.
The ability of A. fumigatus to degrade a wide variety of aliphatic
polyesters presented the opportunity to investigate the enzymatic
mechanisms of polymer biodegradation by fungi. Although this
microorganism is known to secrete extracellular cellulases,
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proteases, 53 and lipases,54 the ability of A. fumigatus to secrete a PHB
hydrolase has not been previously reported. The isolation and
characterization of a PHB depolymerase from A. fumigatus M2A enabled
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the present investigation, on the biological and enzymatic mechanisms
of polyester biodegradation by fungi, to be carried out.
PHB Hydrolase Production
Fermentation conditions such as incubation temperature, carbon
source, and soluble nitrogen concentrations were optimized to facilitate
fungal production of a PHB hydrolase and its subsequent purification.
Several fungal isolates (designated MIA, M2A, S2B, T3B) obtained from
PHB culture enrichments of leaf compost samples were initially examined
for the presence of PHB hydrolases in culture supernatants. Each isolate
was found to secrete a PHB hydrolase when grown on MBM with 10 mM
glucose and 10 mM sodium (3-hydroxybutyrate at 40°C. (See Figure 2.1).
PHB hydrolases found in the culture supernatant reached maximal
values at 48 hours of fermentation, and decreased sharply thereafter.
The initial experiments showed that M2A secreted the highest amount of
PHB hydrolase activity over the course of the fermentation. Fungal
isolate M2A was thus chosen for further study.
Fermentation of isolate M2A in MBM (1.0 L) with 10 mM glucose
and 10 mM sodium [3-hydroxybutyrate at 40°C did not produce the
supernatant PHB depolymerase activities previously observed during the
initial isolate selection experiments. When the fungus was grown on MBM
and 2.0 g/L PHB powder at 40°C, mycelial growth and substrate
consumption were rapid, reaching completion within 48 hours. Despite
the growth of fungi on PHB as carbon source, PHB hydrolase activities
found in the supernatant remained low. The cause of dramatically
altered fungal PHB depolymerase secretion behavior in 1.0 L
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fermentation was never satisfactorily identified. Other methods of
optimizing enzyme secretion were subsequently investigated.
PHB depolymerase secretion was dependent on temperature.
Fungal growth on PHB containing petri dish overlays at 30°C was
observed to form large clear zones around slowly proliferating growth,
which suggested an analogous experiment in liquid culture. Subsequent
fungal fermentations in liquid cultures were conducted at 30°C under
otherwise identical conditions. Levels of supernatant PHBase activity
secreted by M2A during growth on MBM and 20 mM PHB at 30°C
increased significantly over previous 1.0 L fermentation results (Figure
2.2). As a result of decreasing the fermentation temperature from 40 to
30°C, fermentation times to obtain maximum culture hydrolase
activities lengthened to 6 days. The increased amounts of PHBase
secreted by the fungus at the 30°C fermentation temperature indicate a
relationship between PHB hydrolase efficiency and the fungal growth rate
at the lower temperature. At lower temperatures, PHB hydrolysis
catalyzed by enzymes was less efficient, so greater enzyme concentrations
would be required to produce necessary soluble degradation products in
order to sustain a optimal fungal growth rate.
Fungal protein synthesis and PHB depolymerase secretion was
influenced by the concentration of soluble nitrogen (NH4CI) present in
the growth medium. A further improvement in supernatant PHB
hydrolase activity was attained by increasing the ammonium chloride
concentration from 1.0 g/L to 2.5 g/L. PHB depolymerase activities
observed in fungal growth media reached levels which were improved by
a factor of 20 over initial values, as shown in Figure 2.2. However, with
the increased PHB depolymerase synthesis, extraneous proteins were also
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produced in greater concentrations. Precipitous decreases in
depolymerase activity during storage were observed after an initial
concentration step of the culture supernatant (10 fold volume
reduction), indicating that increased ammonium chloride
concentrations also generated undesirable fungal protease activity in the
culture supernatant. With a more moderate application of NH4CI to the
growth media, the optimized fermentation conditions were attained at
2.0 g/L PHB powder, 2.0 g/L NH4CI in MBM and 30°C for the production
of fungal PHB depolymerase. High supernatant enzyme concentrations
occurred with the optimized conditions after 150 hours of fermentation
as shown in Figure 2.3, when the fungal growth had consumed the PHB
carbon source. Cultures were harvested by filtration when supernatant
PHB hydrolase activities appeared to no longer increase.
Purification of an Extracellular PHB Depolymerase from A. fumigatus
The results of the PHB depolymerase purification procedure are
given in Table 2.3. An overall PHB hydrolase yield of 66% based on initial
supernatant filtrate activity was obtained after purification. Table 2.3
shows protein concentrations determined by the Bradford assay (ug/mL
supernatant), enzyme preparation volume (in mL), turbidimetric PHB
depolymerase activity (AU), and specific activity (AU/ug protein) found
at each stage of enzyme purification. The total enzyme yield after each
step was determined as a product of the enzyme activity and
supernatant volume and is based on the culture filtrate activity.
The fungal PHB depolymerase could be effectively purified in four
purification steps. Careful filtration of fungal cultures to remove the
fungal mycelial mass was necessary to avoid supernatant foaming and
protein denaturation. The application of hydrophilic filtration
membranes during protein concentration was also found advantageous
to obtain high depolymerase yields. The final chromatographic
purification process utilized the PHB depolymerases' hydrophobic
interactions with butyl-sepharose (HIC) under mild protein binding and
elution conditions. The use of ethanol as eluent to obtain purified PHB
depolymerase activity, as previous methods have reported,28 was
successfully avoided.
Elution profiles of protein concentration and PHB hydrolase
activity in 2.0 mL fractions from Butyl-sepharose hydrophobic
interaction chromatography (HIC) are shown in Figure 2.4. The total
protein concentration of each fraction was measured by the absorption
at 280 nm. Under the chromatographic conditions used, the extraneous
proteins did not adsorb to the column, and were eluted with the binding
buffer (fractions 1-12). Column fractions 20- 30 contained only low
concentrations of total protein, and corresponded to the elution of the
PHB depolymerase activity using a decreasing (80 mM- 40 mM)
ammonium sulfate gradient.
The enzyme was considered sufficiently purified after HIC by the
appearance of a single protein band in lane "B" of the SDS-PAGE as
shown in Figure 2.5. An apparent PHB depolymerase molecular weight of
57,000 Da was determined relative to the SDS-PAGE reference standards
in lanes "A" and "C".
Native isoelectric focusing of the fungal PHB depolymerase IEF (1 ug
protein) was observed with coomassie blue (See Figure 2.6) and silver
staining(not shown). The existence of a single band at pH 7.2 confirmed
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that the purified A. fumigatus PHB depolymerase was essentially free of
contaminants and existed as a monomeric protein without isozymes.
The carbohydrate content of the fungal enzyme was estimated to
be no greater than 5% by sodium meta-periodate oxidation and
subsequent SDS-PAGE, because only small changes in the protein's
electrophoretic mobility were observed. (See Figure 2.7).
The final PHB hydrolase preparations was purified 15-fold over the
course of the isolation procedure. Using this purification procedure
enzyme preparations of 40 ug/mL protein and specific activities of 150
to 190 AU/ug were typically obtained. Purified A. fumigatus PHB
depolymerase was stored in 50 mM Tricine-NaOH at 4°C or at -20°C in 50
mM Tricine-NaOH with 10% propylene glycol cryoprotectant. Activity
retention in 50 mM Tricine-NaOH at 4°C after 37 days was greater than
95%. The purified enzyme also retained 95% of its original activity after
thawing when stored at -20°C with 10% propylene glycol.
PHB Depolymerase Activity
The pH and temperature dependence of PHB hydrolase activity,
determined using the turbidimetric PHB assay, are shown in Figure 2.8
and Figure 2.9, respectively. The fungal PHB depolymerase activity pH
optimum was observed at pH 8.0. A maximum hydrolase activity was
observed at 70°C, indicating that the fungal PHB depolymerase was
thermo-tolerant.
The temperature stability of the PHB depolymerase was much
lower in the absence of substrate, as shown in Figure 2.10. At 45 °C the
enzyme was stable for 6 hours without loss of activity. However, after
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minutes of incubation at 50 °C the fungal enzyme retained only 55% of
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its activity, and the activity decreased more rapidly at higher
temperatures. Thus, for all of the PHB hydrolase assay procedures carried
out in this study, the conditions of pH 8 and 45°C were selected. Similar
temperature dependent activity and stability behavior was previously
observed for the soil bacterium C. testosteroni PHB depolymerase. 5 5
Average temperatures of microbially active compost were found to be
5 3°C, 29 indicating that the fungal PHB depolymerase is well adapted to
compost environmental conditions.
The enzymatic degradation of PHB has been previously described
by heterogeneous kinetic models.56 ' 57 The kinetic model derived by
Timmins and coworkers57 was found to predict the enzymatic PHB
degradation rates to form product (P) over a wide range of enzyme (E)
and substrate (S) concentrations for the following reaction sequence:
E + S „ - ES + S ^ ES + P
The initial rate (v0 ) of the reaction is expressed by Equation 1:
turn m/ rem k? [E]„ [S]„ (K + [S]0)v 0 = k2 [ES] [S]/ [S]o = —
([S]0 + [E] 0 + Km)
2
In the limit of enzyme saturation (excess substrate) the expression
derived by Timmins simplified to the Michaelis-Menten kinetic analysis
(Equation. 2.3) because: [E] « K + [S] 0 . Thus, at high substrate
concentrations (high surface areas), the heterogeneous system
approximates homogenous enzyme reaction conditions.
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Initial reaction rates can be expressed as shown in Equation 2 in which
the Michaelis constant is defined as: Km = (k_i+k2)/kl. The limit
conditions of enzyme saturation were used to determine apparent
binding constant (Km ) and maximum reaction rate (Vmax ) of the fungal
PHB depolymerase.
The rate data for PHB hydrolase activity were determined
titrimetrically using PHB concentrations of 15- 6000 ug/ 2.0 mL (powder
surface area of 8 m 2 /g PHB) and 10 uL PHBase at 42 ug protein/mL, and
are shown in Figure 2.11. Graphical Lineweaver-Burke analysis was used
to (Figure 2.12) determine a fungal PHB depolymerase Vmax of 2.26
nmol NaOH/sec, and a Km of 7.1 cm2/mL PHB or 88.1 ug PHB/mL from
the enzyme saturation regime. Therefore, the PHB depolymerase from A.
fumigatus appeared to have kinetic features similar to those previously
determined for prokaryotic PHB hydrolases. 1
2
Assay Methods
Because several of the enzyme activity assays used are based on
different physical phenomena, a comparison of assay methods was
made. The turbidimetric PHB assay measures the changes in the average
particle size (observed as the intensity of scattered light at 660 nm) as a
suspension of PHB is degraded and solublized by the enzyme. In contrast,
the titrimetric method, measures directly the rate of enzymatic
hydrolysis by titration of the carboxylic acid degradation products
formed at a constant pH. The turbidimetric and titrimetric enzymatic
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PHB degradation profiles shown in Figure 2.13, corresponded well, as
indicated by the similar descriptions of the PHB degradation reaction as
a function of time.
The turbidimetric assay was less accurate at the later stages of the
reaction, when PHB particle diameters became smaller than the 660 nm
wavelength of observation, and no longer scattered light. However, the
turbidimetric method was found quantitatively effective for the
determination of initial PHB degradation rates by PHB depolymerases.
The products of enzymatic PHB degradation were identified as 3-
hydroxybutyrate monomer (85 mol%) and the dimeric 3-HB ester (15
mol%) using reverse phase HPLC and reference standards.
Enzyme Inhibition
Non-reactive enzyme inhibitors and affinity label reagents were
used to investigate the mechanism of polymer hydrolysis and to identify
key enzyme features. Nonionic surfactants such as Tween-80 or Triton X-
100 decreased the rate of PHB hydrolysis as shown in Figures 2.14 and
2.15, respectively. Although low concentrations of these non-ionic
surfactants appeared to increase the rate of hydrolysis, higher
concentrations inhibited the degradation of the polymer. The response
of fungal PHB depolymerase activity when exposed to nonionic
surfactants appears consistent with a two domain enzyme structure, a
known feature of the bacterial polyester hydrolases. 27 ' 58
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surfactants are believed to interact with the enzyme hydrophobic
binding domain, thus preventing the enzyme from adsorbing to the
substrate. Without enzyme adsorption to the substrate surface, the
enzyme cannot catalyze the hydrolysis of PHB. It is not clear, however,
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whether these substances at higher concentrations affect the enzyme
directly or through indirect PHB surface aggregation to obstruct the
depolymerase access to the substrate.
Table 2.4 contains the results of affinity label reagent effects on the
fungal PHB depolymerase activity. PMSF, pA-PMSF, and AEBSF phenyl
sulfonyl fluoride reagents were only partially effective enzyme inhibitors,
but they caused greater inhibition at elevated incubation temperatures.
Few PHB depolymerases were found to be completely inhibited by
reagents such as PMSF and AEBSF, which are protease inhibitors known to
react with the catalytic serine residue. In contrast, ebalactone A
inhibited the fungal PHB depolymerase completely at a concentration of
30 uM with or without an incubation period. Ebalactone A is an esterase
inhibitor belonging to a class of ^-lactone affinity reagents, 61 a member
of which was found to be associated with the catalytically active serine
residue of human pancreatic lipase. 62 The highly effective inhibition of
the A. faecalis PHBase by ebalactone A has also been previously
reported. 6 3
Replacement of H2O with 85% D2O for a Tricine buffer solution
produced a 20 % decrease in PHB hydrolase activity presumably due to
an isotope effect at the rate limiting step of ester hydrolysis. The PHB
hydrolase inhibition by D2O was attributed to the isotope effect of
exchanging ! H for 2H at a rate limiting step, and suggests the
involvement of a catalytic histidine residue during PHB degradation.
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TLCK, however, was unable to detect the presence of a catalytic histidine,
and did not effect the PHB depolymerase activity. Inhibition with
DAN/CuCl2 reagent was observed to increase linearly as a function of
time, as previously reported by Brucato and Wong.
35 Inhibition of the
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PHBase with DAN may indicate the presence of a catalytic carboxylic acid
residue. DTT reduced activity to 2%, indicating a critical role played by
at least one disulfide linkage.
Although fungal enzyme inhibition by the affinity label reagents
does not unambiguously determine the nature of the catalytic residues
present, the fungal PHB depolymerase inhibition responses were typical
of other PHB hydrolases58,63,65 " 67 that have been identified as serine
esterases. 59 The PHB depolymerase from A. fumigatus exhibited kinetic
and biochemical reactivity features common to other PHB hydrolases
that have been characterized. 1 2,26 In addition, the particular sensitivity
of the A. fumigatus PHB depolymerase to the ebalactone A affinity
reagent, suggests that the fungal enzyme is a serine esterase.
[R,R,R]-3-Hydroxybutyrate [R,R,S]-3-Hydroxybutyrate
Triolide Triolide
Water soluble macrolides, such as [R,R,R] 3-hydroxybutyrate
triolide and [R,R,S] 3-hydroxybutyrate triolide (shown above) also had
inhibitory effects, which at concentrations of 50 ug/mL reduced activity
to 33% and 88%, respectively. (See Figure 2.16.) The inhibition of PHB
depolymerase by substrate mimic compounds such as [R,R,R]-3-
hydroxybutyrate triolide and [R,R,S]-3-hydroxybutyrate triolide
provide:
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intriguing insight into the PHB depolymerase structural features. Triolide
inhibition of the PHB depolymerase was influenced by the
stereochemistry of the cyclic PHB analog, and observed as a greater
inhibitory effect of the [R,R,R]-triolide. As a substrate, the [R,R,R]-triolide
is more closely analogous to the 100% [R] bacterial PHB than the [R,R,S]-
triolide. The triolide inhibition of PHB depolymerase was stereoselective,
in analogy to the enantio-preferential hydrolysis of [R] isotactic material
during the enzymatic degradation of synthetic [R] and [S] PHB. 1 M9,22,68
Based on these observations, the triolides appeared to interact with the
PHB depolymerase active site. Triolide samples were not susceptible to
enzymatic hydrolysis. A kinetic analysis of oligolide interactions with the
fungal PHB depolymerase showed that inhibition was uncompetitive, and
indicated that the triolide bound reversibly to the enzyme-substrate
complex. 69
Substrate Specificity
The substrate specificity of purified A. fumigatus PHB
depolymerase was studied to evaluate the catalytic function of the
enzyme in the environment. Spectrophotometric assays of PHB
depolymerase with p-nitrophenyl butyrate, tributyrin, and olive oil
emulsion showed that the fungal enzyme did not catalyze the hydrolysis
of these other common esterase substrates. These results confirmed that
the hydrolase secreted by the fungi to utilize PHB in liquid fermentation
was a specific PHB depolymerase.
The A. fumigatus PHB depolymerase catalyzed the hydrolysis of
bacterial polyesters, including PHB, poly(P-hydroxyvalerate) (PHV),
poly(p-hydroxybutyrate-co-valerate) (PHB/V), and poly(p-
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hydroxybutyrate-co-y-hydroxybutyrate) (P3HB/4HB), over a broad range
of copolymer compositions (see Chapter 3). The in vitro degradation of a
series of synthetic polyester films by the fungal PHB depolymerase was
also evaluated. Gravimetrically determined changes of polyester film
mass during exposure to 20 uL (40 ug protein/mL) purified enzyme
preparation were observed as a function of time with the results shown
in Figure 2.17. Initial rates of film weight loss were compared the
enzymatic activity towards bacterial and synthetic aliphatic polyesters.
The A. fumigatus PHB depolymerase was previously found to
degrade synthetic [R,S]-PBL of varying tacticities,22 and this fungal PHB
depolymerase also had broad hydrolytic activity towards other aliphatic
condensation polyesters. Poly(ethylene adipate) (PEA), poly(ethylene
succinate) (PES), poly(ethylene succinate-co-adipate) (PES/A),
poly(tetramethylene adipate) (PTMA), and poly(tetramethylene
succinate-co-adipate) (PTMS/A) were all hydrolyzed by the fungal PHB
depolymerase as shown in Figure 2.17. Of the synthetic polyesters, PEA
(LMw) degraded at a rate 20 times faster than that of bacterial PHB,
while materials with comparably low molecular weights such as PTMA
(LMw) and PES (LMw) were degraded more slowly by the fungal
depolymerase. Commercial biodegradable polyesters, synthesized by
condensation polymerization and diisocyanate chain extension reactions
to produce high molecular weight materials ("Bionolle™"), were also
degraded by the PHB depolymerase.
While most bacterial PHB depolymerases hydrolyze short side
chain bacterial copolyesters such as PHB/V, P3HB/4HB, 15,16 and PBL
synthetic analogs, the A. fumigatus PHB depolymerase activity towards
unbranched aliphatic condensation polyesters is unique. A. faecalis and
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P. lemoignei PHB depolymerases exhibited limited activity towards
PEA 43 '70 but did not hydrolyze other chemically similar substrates such
as PTMA71 or PES. The fungal PHB depolymerase activity did not extend
to the hydrolysis of poly(d-lactide) (P(d-LA)), poly(8-valerolactone) (PVL),
poly(e-caprolactone) (PCL), poly(tetramethylene succinate) (PTMS), or
PHO aliphatic polyesters.
The broad hydrolytic activity of A. fumigatus PHB depolymerase
towards polyester films suggests that this enzyme may be utilized by the
fungi to degrade both synthetic and aliphatic polyesters. However, it is
apparent from the lack of fungal PHB depolymerase activity towards PCL
and PVL, that A. fumigatus M2A secreted another hydrolase to catalyze
aliphatic polyester biodegradation. Current efforts to isolate a PCL
hydrolase from the A. fumigatus culture supernatant have suggested
that the enzymatic activity secreted to degrade PCL is a lipase as
discussed in Chapter 6.72
Conclusions
A. fumigatus (M2A) was found to grow on bacterial and synthetic
aliphatic polyesters when used as sole carbon sources during liquid
culture fermentation. Previous studies of eukaryotic isolates found to
degrade aliphatic polyesters37 ' 39 confirm the versatility of fungal
polyester biodegradation in that the organisms investigated were able to
degrade naturally occurring PHB as well as synthetic substrates such as
PCL and PTMS. Collectively, these results indicate that eukaryotic
organisms play an important role in polyester biodegradation in
terrestrial ecosystems and composting environments.
The production, purification and characterization of a PHB
depolymerase from A. fumigatus was carried out in the current study.
The PHB depolymerase molecular weight (57,000 Da), isoelectric point
(pH 7.2), carbohydrate content, and kinetic parameters were comparable
to those of the bacterial PHB depolymerases. The affinity reagents found
to inhibit the fungal PHB hydrolase activity further indicated that the
depolymerase catalytic mechanism is similar to that of the prokaryotic
enzymes, which belong to the serine esterase family.
The PHB depolymerase isolated from A. fumigatus hydrolyzed both
bacterial and synthetic polyesters with a broad substrate specificity
previously unobserved in other PHB hydrolases. The broad polyester
hydrolase activity associated with the fungal PHB depolymerase suggests
that the enzyme may catalyze the environmental degradation of
synthetic aliphatic polyesters, as well as naturally occurring PHB. Because
the isolated PHB depolymerase did not degrade PCL, PVL, or PTMS
polymeric materials, A. fumigatus M2A must also secrete additional
hydrolytic enzymes to degrade synthetic polyesters.
The identification of the microbial enzymes utilized during
polyester biodegradation may provide valuable direction for the future
design of biodegradable materials.
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Table 2.1 Molecular weight determination of aliphatic polyesters
PHB
PHB/V
(Biopol™)
PHV
PCL
PVL
PES
PEA
PTMA
PES
(Bionolle 6000™)
PES/A
(Bionolle 7000™)
PTMS
(Bionolle 1000™)
PTMS/A
(Bionolle 3000™)
Molecular Weight
(M n * 103 g/mol)
69.0
45.1
52.5
17.0
22.0
8.8
8.8
6.9
35.0
34.2
38.0
34.9
PDI
(MWMn)
3.9
2.7
3.8
1.9
1.3
1.7
1.8
1.6
4.8
4.3
2.6
2.4
6 7
Qualitative observations of the growth of A. fumigatus M2A
on aliphatic polyesters in TM liquid media.
Carbon Source Time to
Maximal Growth
Maximal Growth
(amount) 2
Polymer
Remaining 15
3 days + + + + + No
PCL 4 days + + + + No
PVL 3 days + + + + Yes
PEA 2 days + + Yes
PTMA 3 days + + Yes
FES 8 days + + + + No
PES/A 14 days +? Yes
PTMS/A 6 days ++ + + + No
PHO 14 days Yes
a
"Maximal Growth" refers to the amount of fungal mycelia present after
no further growth is observed. b "Polymer Remaining" indicates the
presence of undegraded polymer particles.
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Table 2.3 Purification of A. fumigatus PHB depolymerase.
Isolation Total Total Activity Specific Yield (%)e
Step Protein Volume per 100 uL Activity
(ug/mL)a (mpb (AU) C (AU/ug)d
Culture
Filtrate
9.6 3600 1 0 1 0 8 i no
Spiral
Cartridge
Cone. I
25.8 475 58 22.5 74
Stirred
Cell
Cone. II
1 12.1 70 356 31.8 67
Pre-
column
Dialysate
431.5 13.4 n.d. n.d n.d
Butyl-
Sepharose
41.9 42.0 650 155.1 66
a The concentration of all proteins in the enzyme preparation as
determined by the Bradford method. ° The volume of the enzyme
preparation at each stage. c PHBase activity measured turbidimetrically.
d Units of PHBase per ug total protein. e Activity remaining as a percent
of the original culture filtrate.
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Table 2.4 Inhibition of PHB depolymerase activity by various
reagents after 30 minutes incubation at 20°C
Reagent 3 Concentration
(mM)
% Activity
None
1 00
PMSF 20 84
PMSF* 10 39
pA-PMSF 20 100
AEBSF 20 100
AEBSP 7.0 45
TLCK 1.0 100
D2O 85 % Vol 80
DAN 8.0 42
DDT 5.0 2
Ebalactone A 0.030 0
* designates those experiments incubated for 15
minutes at 45 °C. a Abbreviations: Phenylmethylsulfonyl
flouride (PMSF), p-amino phenylmethylsulfonyl flouride (pA-PMSF),
aminoethyl benzylsulfonyl flouride (AEBSF), N-p-tosyl L-lysine
chloromethyl ketone (TLCK), dithiothreitol (DTT), 3,1 1-dihydroxy-
2,4,6,8, 10, 1 2-hexamethyl-9-oxo-6-tetradecenoic acid 1 ,3-lactone
(microbial Ebalactone A).
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Time (hrs.)
Figure 2.1 Supernatant PHB depolymerase activity observed during
the growth of several fungal isolates. Fungal isolates:
MIA (), M2A (), S2B (o), and T3B (A), Control (no
supernatant) ().
7 1
25
ABC
Growth Conditions
Figure 2.2 Supernatant PHB depolymerase activity as a function of
fermentation conditions. Carbon source and conditions:
10 mM glucose and 10 mM p-hydroxybutyrate @ 40°C (A),
PHB @ 40°C (B), PHB @ 30°C (C), and PHB + NH4C1 @ 30°C
(D).
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Growth Time (hrs.)
Figure 2.3 PHB depolymerase activity secreted in 3 identical cultures
under optimized fermentation conditions.
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4-1200
Column Fraction
Figure 2.4 HIC elution profiles of PHB depolymerase purification.
Total protein (), and PHB depolymerase activity (o).
7 4
ABC
Figure 2.5 SDS-PAGE of PHB depolymerase (lane B). Protein molecular
weight standards were placed in lanes A and C.
A B
Figure 2.6 Isoelectric focusing of native A. fumigatus PHB depolymerase
(lane A). PHB depolymerase was observed at pH 7.2, relative
to IEF standards in lane B (top to bottom): pH 9.3, 8.8, 8.6,
8.2, 7.2, 6.8, 6.6, 5.9, 5.1, 4.6, and 3.6.
7 5
A B C D E
kDa
3
190
108
89
77
61
41
36
Figure 2.7 SDS-PAGE determination of PHBase glycosylation extent.
PHB depolymerase treated with NaIC>4 (lane C), untreated
PHB depolymerase appears on either side (lanes B and D)
with molecular weight standards in lanes A and E.
7 6
Figure 2.8 The pH dependence of A. fumigatus PHB depolymerase.
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Figure 2.9 Fungal PHB depolymerase activity as a function of
temperature.
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Figure 2.10 Thermal stability of the PHB depolymerase in the absence
of PHB.
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Figure 2.11 Initial enzymatic PHB degradation rates as a function of
polymer surface area (concentration). The A. fumigatus
PHB depolymerase concentration (400 ng protein/2 mL)
was constant.
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Figure 2.12 Lineweaver-Burke analysis of PHB depolymerase activity.
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Figure 2. 1 3 The correlation between turbidimetric and titristatic PHB
hydrolase assays. Titristatic (), and turbidimetric PHB
() PHB degradation.
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Figure 2.14 Inhibition of PHB depolymerase activity as a function of
Tween-80 volume percent (% v/v). Enzyme added: 20 uL
PHB hydrolase (), 40 uL PHB hydrolase ().
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Figure 2.15 Inhibition of PHB depolymerase activity as a function of
Triton X-100 volume percent (% v/v). Enzyme added to
the assay: 20 uL PHB hydrolase (), and 40 uL PHB
hydrolase ().
84
3HB Inhibitor
Figure 2.16 Substrate mimic inhibition of A. fumigatus PHB
depolymerase activity. Oligomeric 3-hydroxybutyrate
reaction additives: [R,R,R]-3HB triolide, [R,R,S]-3HB
triolide and mixed linear oligomers (R-HB n , n= 1-4).
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0.25
Aliphatic Polyester Films
Figure 2.17 In vitro degradation of polyester films by A. fumigatus
PHB depolymerase. (ND) indicates polyester films that
were not degraded.
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CHAPTER 3
POLYESTER DEGRADATION BY A. fumigatus PHB DEPOLYMERASE
Abstract
Purified A. fumigatus PHB depolymerase was found to have a broad
hydrolytic activity towards bacterial and synthetic aliphatic polyesters.
In addition to catalyzing the hydrolysis of bacterial poly(3-hydroxy-
butyrate-co-valerate) (PHB/V) and poly(3-hydroxybutyrate-co-4-
hydroxybutyrate) (P3HB/4HB) over a wide range of compositions, the
fungal PHB depolymerase was found to hydrolyze aliphatic polyesters
synthesized by step growth polymerization. Other synthetic polyesters
such as poly([R]-lactide), P([R]-LA), poly(8-valerolactone), PVL, and
poly(e-caprolactone), PCL, resisted hydrolysis catalyzed by the PHB
depolymerase. The results of the enzyme specificity experiments and
degradation product analysis were integrated into the molecular
modeling of polymer chain structure and conformation to describe the
substrate features which influence the specificity of PHB depolymerase
polyester hydrolysis. The current study of PHB depolymerase substrate
specificity and molecular modeling experiments suggest a relationship
between chemical and structural characteristics that is important in
polyester susceptibility to enzymatic hydrolysis and biodegradation. The
repeating unit consensus of the ester carbonyl groups was found to be a
critical measure of fungal PHB depolymerase substrate specificity.
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Introduction
Polymer biodegradation by microorganisms is mediated by
extracellular degradative enzymes that produce water soluble products
from the macromolecular substrates. The role of these biocatalytic
enzyme systems responsible for the degradation of natural polymeric
materials, such as cellulose, lignin, amylose, chitin, and polypeptides
among others, has been studied in great detail. The environmental
degradation of polyesters was recognized to proceed through similar
biological processes as early as 1963, 1 but not until recent efforts has the
enzymatic degradation of naturally occurring poly(p-hydroxyalkanoates)
(PHAs) and other aliphatic polyesters developed into an area of active
investigation.
Cell-free bacterial poly(p-hydroxybutyrate) (PHB) and poly(p-
hydroxybutyrate-co-valerate) (PHB/V) co-polyesters (the structures of
these and other PHAs referred to in this chapter are shown below) were
found to be readily degraded by microbial populations in marine,
activated sewage sludge, soil, and compost ecosystems. 2 ' 3 Bacteria, which
have been isolated from these environments and are known to secrete
extracellular PHB depolymerases include Pseudomonas lemoignei,
Comamonas testosteroni, Comamonas sp., Alcaligenes faecalis,
Pseudomonas stuzteri, Streptomyces sp., 4 and Pseudomonas picketti. 5 ' 6
Their enzymes have been purified and characterized. In addition, a
poly(p-hydroxy-octanoate) (PHO) depolymerase from Pseudomonas
•n
fluorescens has been studied in detail.'
94
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Eukaryotic PHB depolymerases from Penicillium funiculosum* and
Aspergillus fumigatus9 also play an important role in PHA
biodegradation. Prokaryotic and eukaryotic PHA depolymerases appear
to be biochemically similar, in general. 9 The isolated enzymes have been
determined to bear catalytic features common to the serine esterase
family. 4 ' 10 However, beyond the identification of separate catalytic and
substrate binding domains, little detailed information regarding the PHB
depolymerase tertiary structure is known.
The polyester hydrolase enzymes from bacteria and fungi exhibit
substrate specificities that are differentiated by substrate chemical
features. Generally, the enzymes found to degrade polyesters catalyze
ester chain cleavage, and known polyester hydrolases include PHB
depolymerases, PHO depolymerases, and lipases.
Extracellular PHB depolymerases are secreted by microorganisms to
degrade poly(fi-hydroxybutyrate). These enzymes also hydrolyze short
side chain length PHAs (SCL-PHAs), including bacterial PHB/V and poly(p-
hydroxybutyrate-co-y-hydroxybutyrate) (P(3HB/4HB)) copolymers. 1
1
'
12
Synthetic substrates such as poly(propriolactone) (PPL) and
poly(ethylene adipate) (PEA) were also found susceptible to enzymatic
hydrolysis by PHB depolymerases, although other synthetic aliphatic
polyesters such as poly(y-butyrolactone) (P4BL), poly(5-valerolactone)
(PVL), and poly(e-caprolactone) (PCL) (See structures below) were not
hydrolyzed. 13 ' 14
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Polyesters prepared by ring opening polymerization reactions.
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Polyesters prepared by step-growth polymerization reactions.
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Relatively few poly(p-hydroxyoctanoate) (PHO) hydrolases have
been studied thus far, but those known have specific activity towards
medium side chain length (MCL)-PHAs such as PHO and polyfl}-
hydroxyoctanoate-co-undecanoate) (PHOU). 4 PHO depolymerases do not
catalyze SCL-PHA hydrolysis. An enzyme from a Pseudomonas sp. may
also have additional activity towards poly(p-hydroxy-5-phenyl valerate)
(PHPV) (see structure above). 15
Lipases (triacylglyceride hydrolases), and closely related cutinases,
also play a role in polyester biodegradation. 16 ' 17 These esterases were
found to hydrolyze unbranched synthetic aliphatic polyesters such as
PCL and PEA, but were unable to catalyze SCL- or MCL- PHAs
degradation. 18 The examination of lipase substrate specificity in vitro
has demonstrated a broad hydrolytic activity towards aliphatic
polyesters synthesized by step growth and ring-opening polymerization
reactions. 5,19 " 21
In addition to the catalytic features of the enzymes responsible for
polyester hydrolysis, the intrinsic substrate properties of the polyesters
determine the rate of biodegradation. The degradation process of PHB
have been the most thoroughly investigated. Substrate features found
which influence the enzymatic degradation rate of PHB apply to the
degradation behavior of other polyesters as well. Copolymer
composition, 12 stereochemical structures, 22
" 24 sequence distribution,25
surface area, 14 ' 26 and morphology 14,27
" 29 were all found to influence the
enzymatic degradation of aliphatic polyesters. That is, the susceptibility
of polyesters to enzymatic degradation is determined by interdependent
structure-property relationships, and it is only with great care that the
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effect of a single parameter on the biodegradation processes can be
isolated.
Copolymer and stereochemical composition influence the rate of
PHB enzymatic degradation. PHB/V and P3HB/4HB copolymers with low
contents (5-50%) of 3-hydroxyvalerate (3HV) or 4-hydroxybutyrate (4HB)
units are hydrolyzed by PHB depolymerases more rapidly than is the
homopolyester. 12 Small fractions of [S]-3-hydroxybutyrate content
incorporated in synthetic poly([R]-3-hydroxybutyrate) also facilitated
more rapid enzymatic hydrolysis of films in vitro, but large amounts
had the opposite effect. The compositional changes of PHB materials
appear to influence enzymatic degradation indirectly through the
modification of the morphological features of the substrate.
It is well known that polyester morphology influences the rate of
enzymatic hydrolysis of polyesters. Crystalline regions of polyesters were
found to be hydrolyzed more slowly than the amorphous region of the
polyester substrate, by as much as a factor of 20. 14 ' 27 " 29 The dependence
of polymer degradation behavior on morphological features implies that,
on the molecular level, polymer chain conformation and packing
influences the catalytic action of the degradative enzymes.
X-ray crystallography has been applied to the characterization of
the crystalline structure of aliphatic polyesters such as PHB,30
" 32 PES, 33,34
PEA, 35 PTMS,36,37 and PCL, 38
"40 among others. The aliphatic polyester
structures were generally found to exist in chain extended conformations
in the crystalline state. Bacterial PHB, however, presents an exception to
this trend and was found to crystallize in a left-handed 2\ helix chain
conformation with two antiparallel chains per unit cell.
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Despite the evidence which exists to suggest that chain molecular
structure is an important factor during the heterogeneous enzymatic
degradation of polymers, 27 ' 41 the phenomenon has remained poorly
understood. The relationship between polyester chemical structure,
chain conformation, and enzymatic degradation has not been previously
described. A better understanding of the enzymatic and polymeric
characteristics which influence polyester degradation could direct the
future design and application of biodegradable materials.
In this chapter, the PHB depolymerase isolated from A. fumigatus
is shown to hydrolyze bacterial PHB/V and P3HB/4HB copolymers, in
addition to synthetic polyesters, with a substrate specificity pattern
previously unobserved for this class of esterases. A model of the PHB
depolymerase substrate specificity of this fungus could possibly be
derived through a comparison of chemical, structural, and
morphological features of several aliphatic polyesters. In conjunction
with information on enzyme substrate specificity and the degradation
products formed, polymer molecular modeling was applied to an
interpretation of the molecular factors which influence polyester
biodegradation.
Experimental
Materials
Bacterial polyester samples were obtained from the following
sources: PHB, PHB/7%V, PHB/8%V, PHB/13%V, and PHB/22%V from Aldrich
Chemical Co., Milwaukee, WI, PHB/20%V, PHB/29%V, PHB/40%V,
PHB/52%V, PHB/55%V, PHB/61%V as well as P3HB/4HB copolymers which
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were produced from Hydrogenophaga pseudoflava by co-metabolism of
glucose and y-lactones were obtained from Prof. S. C. Yoon, Gyeongsang
National University, Korea. PHB/77%V and PHV were obtained from Prof.
A. Steinbuchel, University of Marburg, Germany. Films of bacterial
polyesters were cast as 5% wt/v solutions in chloroform onto glass
surfaces, which were placed in a vacuum chamber for 7 days at 10 mm
Hg and 23°C to remove residual solvent. The films were allowed to reach
equilibrium morphologies by annealing at room temperature for a
period of two weeks before use.
Synthetic aliphatic polyesters were also obtained from the
following sources: poly(ethylene succinate) (PES), poly(ethylene adipate)
(PEA), poly(tetramethylene adipate) (PTMA) and poly(e-caprolactone)
(PCL) were obtained from Aldrich Chemical Co. (Milwaukee, WI). High
molecular weight PES (HMw-PES), poly(ethylene succinate-co-adipate)
(PES/A), poly(tetramethylene succinate) (PTMS), and
poly(tetramethylene succinate-co-adipate) (PTMS/A) were obtained
Showa High Polymer Co. Ltd. (Tokyo, Japan). These polyesters are
available commercially under the trade name of "Bionolle™". Poly(8-
valerolactone) (PVL) was provided by Prof. Z. Jedlinski, (Polish Academy
of Sciences Institute for Macromolecular Chemistry, Zabrze, Poland).
Poly(d-lactide)and poly(l-lactide) (PLA) were obtained from of Prof. M.
Vert (University of Rouen, St. Aignan, France). Poly([R,S]-3-
butyrolactone-co 4-butyrolactone)s (P3BL/4BL) with copolymer
concentrations of 11, 22, and 33 mo\% 4-BL were prepared and
A O
characterized according to Wu and Lenz.
PES, PEA, PTMA and PCL were obtained as thick films by melt
sintering at 15 °C above Tm . "Bionolle™" polymers were obtained as
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extrusion blown films, which were rinsed with ethanol and dried before
use. PLA, PVL, and P3BL/4BL materials were solution cast as films from 5%
w/v chloroform, and treated similarly to bacterial polyesters.
PHB depolymerase was produced by the fermentation of A.
fumigatus on PHB powder, and purified as described in Chapter 2.
All other materials were used as obtained including biochemicals
from Sigma Biochemical Co. (St. Louis, MO), and the solvents and
chemicals purchased from Aldrich Chemical Co., (Milwaukee, WI).
In Vitro Enzymatic Degradation of Film Samples
Triplicate samples of 2.0 cm^ surface area (1.0 cm x 1.0 cm
dimensions) were placed in 2.0 mL of 50 mM Tricinc-NaOH/ 0.01 mM
CaCl2, pH 8 buffer with 1.0 mM cycloheximide fungicide. 20 uL (@42
ug/mL protein) of purified A. fumigatus PHB depolymerase preparation
was added to each sample in buffer to catalyze degradation. Control
samples were placed in identical buffer solutions which lacked only the
enzyme. All samples were incubated at 45°C. Sample buffers were
exchanged every 2-3 days with the addition of 20 uL new enzyme
solution to continue degradation. After exposure to the enzyme
solutions, followed by drying under vacuum for 6 hours, the samples
were weighed on a analytical balance. The more rapidly degrading films
of bacterial PHB/V and P3HB/4HB, as well as of synthetic P(3BL/4BL)
copolymers, were weighed after 4, 6, 12, and 24 hours incubation with
enzyme or buffer alone. Soluble degradation products from the in vitro
experiments were retained and collected together for each sample, stored
at -20°C until the end of the experiment, and lyophilized. Chemical
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hydrolysis of polyester samples was taken into account for
determination of enzymatic degradation rates.
Turbidimetric Assay of Polyes ter Suspension Enzymatic Hvdrolvsis
PHB, PCL and PVL powdered polymers were suspended in 50 mM
Tricine-NaOH buffer pH 8.0 with 0.1 mM CaCl2 by sonication. The
enzyme preparation (20 uL) was added to 1.0 mL of the suspensions to
catalyze the degradation reaction, which were carried out at 45°C. Light
transmission at 660 nm was measured at 10 min. intervals, and the
change in optical density, AOD, was calculated as the change from the
initial (t=0) measured values.
Polyester Degradation Product Analysis
Analysis of polyester degradation products was conducted on a
Shimadzu LC-6A HPLC with a SPD-6A UV-Vis detector (D2 lamp) @ 210
nm. A Biorad HPX-87H column was used with 5.0 mM H2SO4 mobile
phase at a 0.5 mL/min flow rate.
Lyophilized samples were reconstituted with deionized water to
concentrations advantageous for analysis. Reference materials were used
to verify the assignment of the degradation products. PHB monomer and
oligomeric HB n -H (n= 2-4 ) standards were obtained from a [R]-3-
hydroxybutyric acid (Aldrich Chemical Co.) sample which contained the
oligomeric esters as the partial hydrolysis products of PHB. Adipic acid
and succinic acid provided reference standards for PES, PEA, PTMS, PTMA,
PES/A, and PTMS/A degradation products. Oligomeric products of the
condensation polyesters were obtained by reacting the adipate-mono
methyl ester or succinyl anhydride with more than 2 equivalents of
104
ethylene or butylene diol in the presence of 1 M HCL at 105 °C.
Degradation product ratios were reported as relative HPLC peak areas,
except in the cases of PHB and PHV, whose product ratios were corrected
using known molar absorptivities.
Typical oligomerization reaction: to a round bottom flask 5.5 g (89
mmol) ethylene glycol, 4.2 g (42 mmol) succinic anhydride, 1.0 mL 1 M
HCL and a Teflon stirrer were added. The mixture was brought to 105-
110 °C reflux for 60 minutes with removal of the condensate. The
reaction mixture contained hydrolyzed diacid, diacid-mono glycol ester,
and diacid-diglycol ester in proportion to the duration of the reaction
time (30- 120 min). The mixed oligomeric diacid/diol condensation
products were used without further purification as a dilution in 50 mM
Tricine pH 8 buffer.
Polymer Characterization
Polymeric films were characterized after processing from solution
or melt as indicated above. Polymer molecular weights were determined
by gel-permeation chromatography (GPC) in chloroform with polystyrene
standards. Waters 6000A solvent delivery system and R401 differential
refractomer (Waters Associates Inc., Milford, MA) were used with PL-gel
5M mixed C-50-16 and a PL-gel 5M 100A columns (Polymer Labs Inc.,
Amherst, MA) in series.
Differential scanning calorimetry of the polyesters was conducted
using a DuPont DSC 10 Thermal analysis instrument. Samples, were
analyzed between -100°C and 200°C at a 20 °C/min heating rate.
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l H NMR spectra of polyesters were taken with a Bruker 200 MHz AC
spectrometer using deuterated chloroform solvent with tetramethylsilane
as the internal standard.
Molecular Modeling
In order to compare the functional group spacing between the
various polyesters, minimum energy structures were generated based on
both crystalline unit cell dimensions and the expected extended chain
structures. The models were generated using the Cerius 2™ program,
developed by Molecular Simulations Inc., (Burlington, MA). In all cases
the Dreiding Force Field was used according to Mayo.43 Periodic
boundary conditions were used to simulate the unit cell dimensions.
Because not all polymer chain conformations or unit cells were known
(i.e.: PTMA, and chain extended conformers) the single chain
approximation was used to generate the minimum energy structures.
Single chain structures of the selected polyesters under study were
generated using Silicon Graphics Cerius 2 software. PHB, PCL, PEA, PES,
PTMA, and PTMS models were produced as both crystalline chain
conformations and the a\\-trans "extended chain" structures. The
crystalline and extended chain conformers were analyzed separately by
comparison to the naturally occurring PHB substrate features.
The PHB left handed 2 1 -helix found in the crystalline phase was
modeled using the orthorhombic ?2\2\2 \ unit cell and bond angle
parameters determined previously through X-ray crystallography and
structure analysis.
31 PHB helices modeled also had a 5.96 A c-(fiber) axis
repeat unit. The extended chain structure of PHB was based on that of
crystalline poly(propriolactone) (PPL) with all trans bond conformers
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and a 4.85 A repeat unit.™ The linear condensation polyesters known to
be highly crystalline, were generally found in extended chain
conformations. Unit cell and bond conformation data used for modeling
of the polyesters were the following: PES c axis = 8.33 A,36 PEA c axis =
11.71 A, 33 PTMA c axis = 13.9 A(estimated),34 PTMS c axis = 10.79 A,40
and PCL with c axis = 17.26 A. 31 - 39 Polymer chains with all bonds set in
the trans conformation ("rrans-conformers") and their repeat unit
lengths (c axis) were estimated by constrained structure local
minimization methods of single chains.
Single chain simulations of copolymers such as P3HB/4HB were not
attempted, due to the additional complexity of the random chain
microstructure. The molecular modeling of P3HB/3HV copolymers did
not further address the issue under investigation because of the
isodimorphic crystallization 44 exhibited by these materials.
Results
Polyester Characterization
Data from the thermal characterization of bacterial PHB/V and
P3HB/4HB polyesters are given in Table 3.1 and Table 3.2, respectively.
Bacterial copolyester compositions were determined by 'H NMR
according to previously described methods45 and as reported by Yoon.46
Thermal analysis data for synthetic polyesters is listed in Table 3.3. The
number average molecular weights (Mn ) of the bacterial polyesters were
between 37,000 and 200,000 and had broad molecular weight
distributions (PDI= 2.5 to 5.5) as shown in Table 3.4. Molecular weight
data for the synthetic polyesters investigated are also given in Table 3.4.
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Depolvmerase Substrate Specificity
The catalytic activity of the PHB depolymerase from A. fumigatus
was investigated by enzymatic degradation and gravimetric analysis of
polyester films. The rates of film degradation are reported in Table 3.5 in
units normalized to sample surface area, and account is made for
chemical hydrolysis rates observed in control samples.
The PHB depolymerase from A. fumigatus was found to hydrolyze
an unusually diverse array of bacterial and synthetic polyesters.
Otherwise, the biochemical features of the fungal enzyme are similar to
those of other PHB depolymerases. The PHB depolymerase was found to
have a molecular weight of 57,000 Da, similar kinetic PHB hydrolysis
constants, and analogous reactivity towards enzyme inhibitors. These
characteristics collectively suggest that the fungal PHB depolymerase
shares a common catalytic mechanism with the bacterial PHB
depolymerases. 9 To more effectively discuss the fungal PHB depolymerase
substrate specificity, the degradation behavior is described in the
following sections according to polyester repeat unit structure.
Bacterial PHAs
Figure 3.1 displays the rate of enzymatic hydrolysis of bacterial
PHB/V materials as a function of copolymer content. PHB/29%V showed
the highest susceptibility to enzymatic hydrolysis, and in general,
intermediate compositions of 3HB and 3HV degraded much more rapidly
than either the PHB or PHV homopolyesters. PHB was hydrolyzed more
rapidly by the fungal PHB depolymerase than was PHV, an indication of
additional steric interactions of the 3HV side chains with the catalytic
domain.
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The comparison of PHB/V heats of fusion (AHf) and melting
temperatures (Tm ) as a function of copolymer content suggests general
trends among copolymer samples (see Figure 3.2). The variation of AHf
with composition shows that PHB/V sample crystallinity does not
decrease dramatically presumably because of HB/HV unit
isodimorphism. Tm values decreased with increasing 3HV content. The
decreased thermodynamic stability of the crystalline lamella also reflect
the co-crystallization behavior of HB and HV units. Thus, although the
enzymatic degradation of PHB/V is strongly dependent on copolymer
content, neither the AHf nor the Tm correlated well to the rates of
enzymatic PHB/V hydrolysis as shown in Figure 3.3 and as previously
reported. 12 ' 47 It appears likely that morphology, crystalline
thermodynamic stability (Tm ), and enzymatic substrate specificity
collectively influence the enzymatic degradation behavior of PHB/V
copolymers.
Bacterial copolyester films of P(3HB/4HB) were susceptible to A.
fumigatus PHB depolymerase over a wide range of compositions, as
shown in Figure 3.4. Two melting peaks were observed during thermal
analysis of the P(3HB/4HB) materials (Figure 3.5). 4HB units are not
incorporated into the PHB crystalline phase, and at higher 4HB
concentrations, a second 4HB crystalline phase melting transition also
occurred. 12 The enzymatic film degradation rates were more clearly
dependent on sample crystallinity as shown in Figure 3.6. The
depolymerase also appeared to have equal or greater activity towards
4HB units because the degradation rate increased even after the 4HB
copolymer composition was greater than 60%.
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Synthetic PHAs
The hydrolysis of poly([R,Sl-butyrolactone)([R,S]-PBL), synthetic
analogs of bacterial PHB, by A. fumigatus PHB depolymerase has been
extensively studied. 14 ' 25 Isotactic [R, S]-PBL samples were found to
degrade at less than 1/1
0
th the rate of bacterial PHB (100 % [R]). The rate
of racemic PBL degradation increased as the polymers approached
atactic microstructures and an amorphous morphology. (See Figures 3.7
and 3.8) Syndiotactic samples showed little or poor susceptibility to
hydrolysis by fungal PHB depolymerase (Figure 3.9). These results are
consistent with the highly enatiopreferential hydrolytic action exhibited
by other PHB depolymerases as well. 23 ' 24,27 '48
Samples of synthetic poly([R,S]-p-butyrolactone-co-y-butyrolactone)
P(3BL/4BL) copolymers were synthesized as reported by Wu and Lenz.42
The effect of 4BL copolymer content on racemic PBL biodegradation
behavior was evaluated by in-vitro film degradation studies using the A.
fumigatus PHB depolymerase. (See Figure 3.10) Fungal PHB depolymerase
was added only at the start of the experiment, and the subsequent
removal of samples (without replacing the buffer and enzyme) may have
caused the non-linearity of sample weight loss. Samples of 33% 4BL
deteriorated after 15 hours of incubation in the presence of PHB
depolymerase. The numerical values of the initial rates of sample weight
loss of P3BL/4BL, which were based on the film surface area in units of
(mg/cm 2 hr), were found to be as follows: for P3BL- 0.038, for
P3BL/11%4BL- 0.054, for P3BL/22%4BL- 0.064, for P3BL/33%4BL- 0.141 (see
Figure 3.11). Films of P(3BL/4BL) with higher 4BL unit contents were
degraded initially even more rapidly. The introduction of 4HB repeat
units which are susceptible to hydrolase action, into the polymer
1 10
backbone served two roles: (1) the reduced the amount of unreactive of
[S]-BL ester bonds in the polymer chain, and (2) the increased
hydrophilicity of the polymer. In addition the decrease in the
crystallinity caused by the 4HB units was similar to those observed in
bacterial P(3HB/4HB) samples, and this factor also contributed to the
increased rates of degradation observed.42
Other Synthetic Polyesters
The fungal PHB depolymerase substrate specificity was also
evaluated in hydrolysis of a series of aliphatic condensation polyesters.
Polymers of this type are poised to enter the market as biodegradable
packaging and containers. Synthetic aliphatic polyesters, based on
diacid-diol repeating units that differ fundamentally from the (3-
hydroxyalkanoate repeating unit, were previously found to be
biodegradable in various ecosystems. 3 However, little is known about the
enzymatic processes involved in the biodegradation of synthetic
aliphatic polyesters, especially which types of hydrolases are active in
their environmental degradation. The fungal PHB depolymerase's broad
activity towards aliphatic polyesters was characterized to develop an
understanding of the hydrolytic enzymes which participate in synthetic
polyester biodegradation. The in vitro degradation of PTMS, PTMS/A, PES-
HMw, and PES/A "Bionolle™" materials, as well as unmodified PES (PES-
LMw), PEA, PTMA, P([R]-LA), PCL, and PVL polyester samples by fungal PHB
depolymerase was investigated.
The degradation rates of the aliphatic polyesters by A. fumigatus
PHB depolymerase, in units of mg/(cm2 hr), are shown in Figure 3.12.
The fungal PHB depolymerase was found to hydrolyze synthetic
1 1 1
polyesters in the following rate order: PEA> PES-LMw > PBA= PES/A> PES-
HMw = PHB> PTMS/A> [R,S]-PBL. Poly([R]-lactide), P([R]-LA), poly(6-
valerolactone), PVL, and poly(e-caprolactone), PCL, resisted enzymatic
hydrolysis catalyzed by PHB depolymerase as measured by film weight
loss and turbidimetric assays. The hydrolysis rates for A. fumigatus PHB
depolymerase with these synthetic polyesters, which are summarized in
Table 3.5, demonstrate a broad enzyme substrate specificity that has not
been previously observed. The rates of polyester degradation were
normalized to units of surface area and eliminated contributions by
chemical hydrolysis, as observed in control samples. These enzyme
catalyzed "rates of degradation" should not be interpreted as a constant
value, or as environmental rates of degradation, because the in vitro
experiments bear little resemblance to the complex conditions of real
ecosystems. The rates of in vitro enzymatic polyester degradation are
indeed relevant only by comparison, and act as a characterization of the
fungal PHB depolymerase substrate specificity.
Within the series of condensation polyesters, PEA samples showed
the highest rate of enzymatic degradation of 0.21 mg/cm2 hour.
Homologous condensation polyesters such as PES and PTMA with similar
molecular weights degraded at significantly slower rates. Sample
characteristics and properties of the condensation polyesters, such as
M w , PDI, and heat of fusion (see Table 3.3 and 3.4) did not correspond to
the observed weight loss behavior of the low molecular weight films.
Thus, the differences in enzymatic degradation rates may be attributed
to chemical composition of the condensation polyesters. The PHB
depolymerases from A. faecalis
1
^ and P. lemoignei 14 were previously
reported to hydrolyze PEA in vitro at 1/3 the rate of PHB, although
they
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exhibited no enzymatic activity towards PES and PTMA materials.
Clearly, the particular capacity of PHB depolymerases to hydrolyze PEA
has molecular origins.
Preferential substrate hydrolysis by the fungal PHB depolymerase
was also evident in the degradation of PES/A and PTMS/A. PES/A and
PTMS/A copolymers which both contained 10- 15% adipic acid content
were more rapidly hydrolyzed by PHB depolymerase than were PES-HMw
and PTMS homopolymers (see Figure 3.13). The presence of 10- 15%
adipate ester units in the copolymer backbone did not greatly modify
the material properties such as Tg and Tm (Table 3.3) although they
decreased the crystallinity (AHf) of the PES/A copolymer. Such changes
alone could not account for the degradation of PTMS/A in the complete
absence of the enzymatic hydrolysis of PTMS itself. Therefore, the
increased enzymatic degradation rates of PTMS/A and PES/A may be
rationalized using an enzyme/substrate specificity argument.
In other respects, the enzymatic degradation of PES/A, PES-HMw,
and PTMS/A and PTMS by A. fumigatus PHB depolymerase presented
more complex issues for interpretation. The high molecular
condensation polymers were produced by diisocyanate chain extension
reactions and other undisclosed processes, that permit film formation by
extrusion.
The effect of polymer molecular weight on PES-LMw and PES-HMw
enzymatic degradation rates was unsuccessfully addressed. Attempts to
reduce the molecular weights of PES-HMw films by acid or base hydrolysis
in a controlled manner did not produce uniform changes of the
number
average molecular weight. Longer periods of chemical hydrolysis
did not
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produce proportional decreases in sample M n , and were observed to
preferentially erode the films near the surface.
Chain extension units not only increased polymer molecular
weight, but also introduced amide functional groups capable of
hydrogen-bonding into the matrix, and such units may not be
hydrolyzed by the PHB depolymerase. The morphological properties of
PES/A, PES-HMw, and PTMS/A and PTMS films, that were modified for
processing conditions (e.g., lower crystallinities than that of PES-LMw)
also made the differences in degradation behavior difficult to interpret
in comparison to the other polymers.
Films of P([R]-LA), analogous in isotactic polymer microstructure
and stereochemistry to bacterial PHB, remained undegraded in the
presence of PHB depolymerase. Poly(l-lactide) was also tested, and gave
identical results. Despite similarities between the P([R]-LA) and natural
PHB chirality and the 2- or 3-hydroxyacid repeating unit structure, as a
class of enzymes the PHB depolymerases have been found unable to
catalyze the hydrolysis of polylactides. 1 1
The hydrolytic activity of the fungal PHB depolymerase towards
PCL and PVL was investigated using the turbidimetric method.49 High
surface-to-volume ratios of the suspended polymer particles permitted a
sensitive measurement of enzymatic hydrolysis rate. However, the course
of the turbidimetric enzyme assay is shown in Figure 3.14. That is,
samples of suspended PCL and PVL which were treated with PHB
depolymerase showed responses identical to those of the samples
without enzyme. PHB suspensions, used as a positive control, were
readily degraded by the fungal PHB depolymerase under the same
conditions. Neither PCL nor PVL were hydrolyzed by fungal depolymerase,
1 14
confirming the observation that PHB depolymerases generally have no
degradative activity towards PCL and PVL aliphatic polyesters. 11 - 50
Degradation Product Analysis
The water soluble products which resulted from the enzymatic
depolymerization of bacterial and synthetic polyesters were investigated
by reverse phase high performance liquid chromatography. The
retention times of reference materials and polymer degradation products
formed by the in-vitro enzymatic hydrolysis are given in Table 3.6 and
Table 3.7, respectively. A. fumigatus PHB depolymerase hydrolyzed the
bacterial PHB and PHV exclusively to monomer (85-90%) and dimer (15-
10%), as shown in the equations below and Figure 3.15.
CH, 0 CH CH* Q CH
i..^.. U« PHB II II IICHCH 2C0-- Depolymer+se H0-CHCH 2C0H H0-CHCH 2C0-CHCH 2C0H
85% 15%
C 2 H5 0
CHCH^CO
C 2 H 5 0
tl
C 2H 5 0 C 2 H 5 0
PHB I I II I IIX
Depolymertse HO- HCH 2C0H H0-CHCH2C0-CHCH2C0H
90% 10%
PEA, PES, and PBA were degraded preferentially to monoglycol ester
acids as shown in the equations below and the chromatographs in
Figures 3.16- 3.18. PEA was degraded to approximately 22% adipic acid
and 78% monoglycol ester-acid.
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Fractions of succinic or adipic acid products (<10%) were observed in the
PES and PTMA degradation products. Larger oligomeric degradation
products were also detected in the buffer solutions of enzymatically
degraded PES. Ethylene glycol and tetramethylene glycol units formed as
degradation products were not detected at 210 nm.
The enzymatic degradation products of diisocyanate chain-
extended PES/A, PES, and PTMS/A polyesters ("Bionolle™") were also
analyzed. PES/A degradation products were a complex mixture of
oligomers, which consisted of 16% of succinic acid, 59% of ethylene glycol
succinate half-ester, 10% of bis(ethylene glycol) succinate, 6% of adipic
acid, and 9% of ethylene glycol adipate half-ester. The degradation
product distribution of this chain extended PES differed from that of the
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low molecular weight PES sample. Larger fractions of bis(ethylene glycol)
succinate (37%) were observed in addition to 58% ethylene glycol
succinate half-ester and 5% of succinic acid as the degradation products.
A. fumigatus PHB depolymerase hydrolyzed PTMS/A copolymer to adipic
acid (19%) and butylene glycol succinate half-ester (81%) products. The
enzymatic hydrolysis products from PTMS were not detected.
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Although degradation product distributions varied considerably
between different polyester substrates, the primary products of both
bacterial and synthetic polyester hydrolysis were found to be monomeric
repeat units. The glycol ester-acid degradation products formed by the
hydrolysis of synthetic polyesters by fungal PHB depolymerase suggest
that the polyesters share common features of enzyme interaction. The
products of enzymatic hydrolysis of the synthetic polyesters were used to
evaluate a model of the PHB depolymerase substrate specifity.
Discussion
Substrate Specificity
Indirect methods of interpreting the enzyme structure-activity
relationship can provide useful information in addition to
crystallographic three dimensional enzyme structural data. The
substrate specificity reflects the dominant enzyme structural features
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that control the process of substrate selection, kinetics of the reaction,
and reaction product formation. Interactions, both physical and
chemical, can influence the selectivity of an enzyme. Steric dimensions,
stereochemistry, ionic interactions, hydrogen bonding, dipole
interactions, hydrophobic interactions, Van der Waals forces and
allosteric interactions are important factors. 5
1
The term "substrate specificity" is applied to the ability of the A
.
fumigatus PHB depolymerase to hydrolyze different polyester substrates
without the explicit determination of Km or kC at- These enzyme kinetic
variables are dependent on transition state and binding energies
characterized by the ratio of (kC at/Km)> and are usually applied to
specifying the favorable or unfavorable substrate-enzyme interactions. 5
1
Gravimetric analysis of in vitro polymer degradation permits a rate of
weight loss to be determined (v) according to Michaelis-Menten:
The use of a constant enzyme concentration and uniform initial
substrate surface area throughout the degradation experiments allows
Equation 1 to appear as:
so that the rates of enzymatic polymer weight loss and kcat/Km values
relative to one another (Vre l) may be applied to the comparison of PHB
depolymerase substrate specificity.
v = [E] [S] kcat/Km (1)
Vrel = kcat/Km (2)
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Other studies have shown that the substrate specificity of the
fungal PHB depolymerase is determined by the structure of the enzyme's
catalytic domain. A. fumigatus PHB depolymerase binds to the surfaces
of PHB, PHB/V, PES/A, PCL and PTMS polyester films with approximately
equal adsorption affinity. 52 Therefore, the non-specific enzyme binding
to polyester surfaces indicates that substrate discrimination is not a
function of the PHB depolymerase binding domain. Thus, PHB
depolymerase substrate specifity towards aliphatic polyesters must be
determined by the interactions between the catalytic domain and the
polymer substrate.
The relative rates (V re i) of polyester degradation show that the A.
fumigatus PHB depolymerase hydrolyzed PEA, PES, PTMA, PES/A, and
PTMS/A synthetic aliphatic polyesters with a previously unobserved
broad substrate specificity. The specific degradation rates in mg/cm^*hr.
by A. fumigatus PHB depolymerase were as follows: P(d-LA)- 0.00, PHB-
0.011, stereoblock [R,S]-PBL- 0.001, "Biopol" PHB/22%V- 0.067, PES- 0.053,
PEA-0.210, PBA- 0.035, (Bionolle™ 7000) PES/A- 0.035, (Bionolle™ 6000)
PES-HMw- 0.014, (Bionolle™ 3000) PTMS/A- 0.002, (Bionolle™ 1000)
PTMS- 0.00, PHV- 0.006 and PCL- 0.00. A comparison of the relative rates
of polymer weight loss describes the enzyme substrate specificity,
determined by V re l, although the role of active site binding (Km ) and
catalytic(Vm) features of enzyme-substrate interaction could not be
distinguished from these results.
Because the relative rate of PEA degradation was the highest among
the synthetic materials, PHB depolymerase catalytic activity on PEA
appears to be particularly favorable. Similarly, it was found that
PES/A
and PTMS/A polymers exhibited significantly enhanced rates of
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enzymatic degradation when compared to their homopolyester
counterparts. The addition of adipic acid units to the homopolyesters
may have effectively introduced a number of more readily "susceptible"
or catalytically favorable sites for enzymatic hydrolysis in the PES/A and
PTMS/A copolyester samples, and thereby enhanced their enzymatic
degradation rates.
Molecular Modeling
The substrate specificity of fungal PHB depolymerase could not be
adequately addressed through the simple effects of structural and
physical features such as ester type (1° vs. 2°), polymer morphology,
thermodynamic behavior (Tg , Tm ), or molecular weight. Chemical and
structural characteristics of the substrates are the determinants of
enzymatic activity and polymer hydrolysis. The premise that substrate
chemical composition and structure influences enzymatic action is
fundamental to biological catalysis. E. Fischer first proposed the
complimentarity of substrate-enzyme interactions as a "lock and key"
analogy. Modern theories of enzyme substrate specificity focus on the
complementarity and energetics of the enzyme-transition state
interactions. 51 The goals of the polymer molecular modeling
experiments were not, however, to study the stability of transition states
of polyester hydrolysis. Although the mechanism of serine hydrolase
action is well understood, few features of the PHB depolymerase tertiary
structure are known. As a result, A. fumigatus PHB depolymerase
substrate specificity could be investigated in greater detail only through
the known molecular features of the substrates.
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Molecular models of single polymer chains were used to investigate
the chemical and structural characteristics of the aliphatic polyesters
that influence susceptibility to enzymatic hydrolysis. The chemical and
structural features which influenced fungal PHB depolymerase substrate
specificity towards of aliphatic polyesters were compared to those of the
naturally occurring substrate. Bacterial PHB structures were the most
logical point of reference, and the hydrolysis of synthetic polyesters by
fungal PHB depolymerase is believed to result from their molecular
similarities to those of naturally occurring PHB.
Polyester composition provided the starting point of chain
structural differentiation. A comparison of the repeating units of PEA,
PES, PTMA, PTMS, PCL and PHB failed to provide insight because of the
inherent structural differences in diacid/diol and hydroxy-acid repeating
units. 14 Obvious similarities between these polyesters occur only at the
ester bond. Thus, the molecular modeling analysis of PES, PEA, PTMS
PTMA, PCL, and PHB incorporated polymer conformational data to
investigate the enzyme-polyester substrate interactions of the A.
fumigatus PHB depolymerase.
Two types of polymer conformations were selected for study: (1)
the crystalline phase conformer, because it is a common and
morphologically dominant feature of the aliphatic polyesters, (see Tables
3.1- 3.3), and (2) the chain extended rrans-conformers, which could be
uniformly applied to the polymer structures. These polymer chain
conformations created a basis of comparison between the polymeric
structures and the substrate specificity of A. fumigatus PHB
depolymerase.
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The assumption that a single polymer chain interacts in the
depolymerase active site is supported by crystallographic studies of
protease and cellulase structures and their binding to substrate
CO C £1
analogs. 00 Depolymerases are known to interact with the polymeric
substrate over several units of the polymer chain to be cleaved. 51 ' 55 - 57
Molecular models of the polyesters approached this observation by
comparing polymeric features over molecular distances greater than 40
A, which is the approximate diameter of the PHB depolymerase enzymes
having a molecular weight of 40,000- 60,000 g/mol. The effects of
multiple subsite interactions, at least in principle, could be accounted
for by using this estimation of enzyme-polymer chain interaction
distances.
Single chain structures of selected polyesters under study were
generated using Molecular Simulations Cerius 2 software. PHB, PCL, PEA,
PES, PTMA, and PTMS models were produced as both crystalline phase
chain conformations and the a\\-trans "extended chain" structures
uniformly representative of the non-crystalline domains. The crystalline
and rrans-conformers were analyzed separately by comparison to the
naturally occurring substrate (PHB) features.
Molecular models of polymers in crystal structure chain
conformations (See Figure 3.19) and chain extended frans-conformations
(See Figure 3.20), were used to compare chemical and structural features
of the synthetic polyester to those of bacterial PHB. Because the
enzymatic cleavage of the polyester chains occurs at the ester functional
groups, the ester carbonyl was the primary feature of comparison
between these polymer models. The analysis followed the guidelines
described below.
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Guidelines of the Structural Analysis
1.) The polyesters structures of PHB, PES, PEA, PTMA, PTMS and PCL
(all at the same scale) in crystalline or chain extended conformations are
aligned in the plane of the page at the first (arbitrary) carbonyl, with the
ester bond direction (-COOCH x -) uniformly applied.
2. ) A comparison of the polyester single chain features indicated
positions (marked) along the polymer backbones where the carbonyl
groups matched the carbonyl repeat cycle of the PHB conformations.
3. ) No other salient features of comparison between the polyesters
could be found outside of the ester linkage, which ultimately is the
feature most critical to the enzymatic catalysis (ester hydrolysis)
studied. In principal, polyester carbonyl groups may also participate in
hydrogen bonding and dipole-dipole interactions in their interactions
with the enzyme.
4. ) Carbonyl position overlap ("consensus") of the synthetic
polyesters was determined by comparative analysis between the replicate
PHB structures at the top and bottom of each diagram.
5. ) Coinciding positions or consensus of polyester carbonyls
relative to PHB structures were interpreted within a half a bond length
(+0.75 A accuracy) and were also based on the frequency/periodicity of
occurrence.
6. ) Observations were made along lengths of 50 A of polymer chain
segments. Larger polymer chain lengths were ignored due to the certain
finite dimensions of the enzyme itself, which should interact with
the
polymer at several positions to effectively discern between
substrates.
7. ) In addition to the positional comparison to
PHB ester-
carbonyls, a (+) or (-) was applied to the coinciding
carbonyls (marked)
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to indicate identical direction (up or down in the plane of the page)
with that of the PHB chains.
Structural and Conformation Analysis
All polymeric structures were initially aligned for comparison at
an ester carbonyls designated at 0.00 A (at left side of page). The spacing
between PHB carbonyl functionality in the 2\ -left-handed helix of the
crystalline conformation (2i-PHB) in Figure 3.19 coincided with the
trans-PHB chain conformer (t-PHB) at intervals of |3-hydroxybutyrate
(trans) units (approx. 14.6 A) in (+, -) alternation of carbonyl direction.
The PES crystalline conformer showed little carbonyl consensus with
crystalline PHB structures, with the exception of units at a larger distance
from the initial polymer chain alignment. Crystalline PEA carbonyl
o
positions coincide with those of the 2i-PHB structure at 5.85 A, and
exhibit (+) carbonyl consensus at repeated 11.71 A lengths. The
minimum conformational energy structure of crystalline PTMA
conformation was found to have a c-axis repeat of 13.9 A. This structure
indicated that PTMA similarities to 2i-PHB occurred at (+) carbonyl
positions at 20.85 A and 41.7 A (See Figure 3.19). The polymer chain of
PTMS in the crystalline conformation appeared to only have three (-)
carbonyls at 16.2 A, 27.1 A, and 32.4 A that coincided with those of 2\-
PHB. Crystalline PCL was found to have no reoccurring structural
similarities to PHB, although a singular (+) carbonyl group occurred at
8.64 A from the initial alignment (at 0.0 A).
An analysis of the chain extended, rrans-conformers of the
aliphatic polyesters was made relative to duplicate trans-?HB structure
(4.85 A repeat unit) as shown at the top and bottom of Figure 3.20.
The
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structural features of chain extended PES correlated well with those of
trans-PHB with coinciding carbonyls (+) at regular 9.7 A intervals. In the
case of PEA, the chain extended conformer showed structural similarity
to those of trans-PHB at 24.4 A intrevals. PTMA chains displayed (+)
carbonyl positions which correlated at sequential 14.9 A repeating units.
Structures of PTMS in the chain extended form indicated a single
carbonyl with (+) consensus at 24.4 A, while the PCL chain showed no
trans-PHB relative consensus sites at all.
The polyester crystalline conformers did not exhibit any carbonyl
position similarities with the trans-PHB structure. Additionally, chain
extended polyester structures did not show any carbonyl consensus
features when compared to the crystalline 2i-PHB structure.
A. fumigatus PHB depolymerase substrate specificity was
collectively predicted by the comparative analysis of aliphatic polyester
structures to crystalline 2i-PHB and trans-PHB, if repeated (+) carbonyl
consensus may be used as the criterion for degradative enzyme-polymer
interactions. The single chain models of PHB depolymerase substrate
specificity could be further interpreted by comparison to the observed
polyester degradation products. The analysis of the crystalline PEA
conformer featured carbonyl groups that consistently correlated with
those of the 2i-PHB helix. The primary degradation products observed for
the enzymatic hydrolysis of PEA by the fungal PHB depolymerase
corresponded to the cleavage of (+) repeat unit carbonyl positions.
Although crystalline PTMA and PES carbonyl groups appear to have some
correlation with the 2i-PHB helix, the (+) correlation was irregular and
did not occur at consistent repeat distances. (-) Carbonyl consensus was
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not interpreted as an effective structural similarity with PHB in either
conformational model.
Analysis of the trans-PHB and chain extended models shows that
both trans-PES and trans-PTMA exhibit recurring carbonyl consensus
features. PES and PTMA degradation products produced by A. fumigatus
PHB depolymerase were predominantly the glycol ester-acids that
corresponded to recurring (+) carbonyl consensus units of trans-PES and
trans-PTMA. Assuming that the PHB depolymerase cleaved the polymer
chain at each (+) ester carbonyl of the synthetic polymers, the polyester
degradation products matched those predicted by this model.
PHB depolymerase substrate specificity and degradation product
formation correlated well to the predicted (+) carbonyl consensus of the
polyester models. PCL and PTMS structures lacked backbone consensus
features (repeated (+) carbonyl groups) in comparison to bacterial 2\-
PHB and trans-PHB. This observation provides a proof in a negative
manner that the model could differentiate polyesters that were not
hydrolyzed by the fungal PHB depolymerase in vitro. The model showed
that (as expected) PCL and PTMS structural features do not bear any
similarity to bacterial PHB which would facilitate their catalytic
degradation by PHB depolymerases.
The substrate specificity of the bacterial PHB depolymerases that
hydrolyze PEA, but not PES or PTMS polyesters, 13 ' 14 may result from the
structural similarity of PEA to the 2]-PHB helix in the crystalline
conformation. Structures of crystalline PES, PTMS, PTMA and PCL
exhibited little carbonyl homology with 2j-PHB. PES and PTMA aliphatic
polyesters had apparent structural similarities only to chain extended
t-
PHB. Thus, the PHB depolymerases from A. faecalis and P. lemoignei may
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preferentially catalyze polyester hydrolysis of polymer chain whose
features mimic crystalline PHB structures. In contrast, both crystalline
and frans-conformer models are required to describe A. fumigatus PHB
depolymerase substrate specificity, suggesting that the fungal enzyme
active site could interact with aliphatic polyester substrates in both
crystalline and chain extended conformations.
Nevertheless, enzyme features particular to the individual PHB
depolymerases undoubtedly also determine their substrate specificity.
One obvious difference between PHB depolymerases and their
interactions with the substrate are the PHB degradation products
produced. P. lemoignei and A. faecalis PHB depolymerases hydrolyze PHB
to predominantly dimeric products,49 ' 58 while A. fumigatus PHB
degradation products were 90% monomeric, indicating that catalytic
enzyme-substrate interactions do not follow identical patterns for all PHB
depolymerases. These results also suggest that the PHB depolymerases
differ in their catalytic-site structures. Three dimensional enzyme
structure characterization will be required to unequivocally determine
the molecular origins of PHB depolymerase substrate specificity.
Conclusions
Purified A. fumigatus PHB depolymerase was found to have a broad
hydrolytic activity towards bacterial and synthetic aliphatic polyesters.
Through the integration of the results of enzyme specificity experiments,
degradation product analysis, and molecular modeling, polymer chain
structure and conformation were believed to influence the polyester
hydrolase specificity of PHB depolymerases.
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The results of other studies of enzymatic polyester degradation
reactions support the premise that chemical and structural homology to
the natural substrate plays a primary role in polyester depolymerase
action. In the case of polylactide, P([S]-LA) which is analogous to
polyalanine, was shown to be effectively hydrolyzed by proteases in
vitro. 59 ' 60 The recent discovery that cutinases play a catalytic role in
PCL biodegradation also indicated that structural substrate similarities
to cutin facilitated enzymatic degradation of PCL. 17 The current study of
PHB depolymerase substrate specificity and molecular modeling
experiments suggest a relationship between chemical and structural
characteristics that are important in polyester susceptibility to
enzymatic hydrolysis and biodegradation. The repeating unit consensus
of the ester carbonyl groups was found to be a critical measure of fungal
PHB depolymerase substrate specificity. Molecular models that compare
polymer structures and conformations to native enzyme substrates may
contribute a more detailed understanding to the design of synthetic
biodegradable polymers.
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Table 3.1 Thermal properties and enzyme catalyzed hydrolysis rates of
bacterial PHB/V.
PHB/V
Composition
(%3HV)
Tg (°C) Tm (°C) AH f(J/g)
Weight Loss
Rate
(mg/cm z hr)
0 -8 176 87 0.01
7 -13 168 60 0.21
8 -8 151 57 0.17
1 3 -10 157 35 0.28
20 -1 124 52 0.38
29 -3 73 46 0.61
40 -17 80 55 0.50
52 -22, -4 76.4 48 0.54
55 -20 129 60 0.51
61 -16 88 55 0.29
77 -10 102 61 0.01
100 -20 112 79 0.01
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Table 3.2 Thermal properties and enzyme catalyzed hydrolysis rates of
P3HB/4HB.
P3HB/4HB
Composition
(%4HB)
Tg (°C) Tm (°C) AHf(J/g)
Weight Loss
Rate
(mg/cm 2 hr)
0 -8 176 87 0.01
13 2 169 53 0.24
22 -1
1
161 32 0.22
25 -14 163 39 0.26
49 -15 52 + 130 16 0.46
61 -20 52 13 0.76
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DSC thermal analysis of synthetic polyester samples
Sample Tg (°C) Tm (°C) AHf (J/g)
PEA
-44 54 76
PES -9 107 82
PBA
-64 62 79
PTMS
"Bionolle 1000™"
-31 1 14
-> —
PTMS/A
"Bionolle 3000™"
-40 93 5 1
res
"Bionolle 6000™"
-7 100 50
PES/A
"Bionolle 7000™"
-10 87 38
PCL -70 62 85
PHB/V (22%V) -13 143 79
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Table 3.4 Molecular weights of aliphatic polyesters as determined by
GPC.
Polymer Number Average
Molecular Weight
(M n * 103 g/mol)
PDI
(Mw/M«)
PHB
PHB/V
(Biopol™)
PHV
PCL
PVL
PES
PEA
PTMA
PES
(Bionolle 6000™)
PES/A
(Bionolle 7000™)
PTMS
(Bionolle 1000™)
PTMS/A
(Bionolle 3000™)
69
45
52
17
22
9
9
7
35
34
38
35
3.8
2.7
3.8
1.9
1.3
1.7
1.8
1.6
4.8
4.3
2.6
2.3
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Table 3.5 Enzyme catalyzed hydrolysis rates of aliphatic polyesters by
A. fumigatus PHB depolymerase.
Polyester Sample Initial Weight Loss Rate
(mg/cm 2 hr)
P(d-LA) 0.0
PHB A A 1 1U.O l l
rR,Sl-PBL U.UU 1
PHVA. A. A U.UUo
PHB/V
"BioDol" U.Uo /
PES (LMw) 0.053
PEA 0.21
PTMA 0.035
PES/A
"Bionolle 7000™" 0.035
PES (HMw)
"Bionolle 6000™" 0.014
PTMS/A
"Bionolle 3000™" 0.002
PTMS
"Bionolle 1000™" 0.0
PCL 0.0
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Table 3.6 HPLC reference standards for polyester degradation products.
Reference Standard a Retention Time
(min.)
3-Hydroxybutyrate
oligomers
[R]-HB-} n n=l
[R]-HB-} n n=2
[R]-HB-}n n=3 1
[R]-HB-} n n=4
15.5
18.6
22.9
27.4
Crotonic acid 33.8
EG/Adipate (2:1)
Adipic acid
Adipate-EG monoester
Adipate-EG diester
21.2
25.3
30.6
TMG/Adipic Acid (4:1)
Adipic acid
Adipate-TMG monoester
21.1
49.4
EG/Succinate (2:1)
Succinic acid
Succinate-EG monoester
Succinate-EG diester
14.2
16.5
19.6
TMG/Succinate (2:1)
Succinic acid
Succinate-TMG monoester
TMG-bis(succinate)
14.3
27.3
31.5
a EG and TMG are ethylene glycol and
1,4 tetramethylene glycol, respectively.
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Table 3.7 HPLC analysis of polyester degradation products
Substrate Retention Time of
Degradation Products
(min.)
reaK Area
(%)
PHB 15.6 90
l 0
PHV 90
27 7
1 0
[R,S] PBL 15.6 53
1 8 5
1 2
20.6 15
22.4 15
5
PEA 21.4 22
/ 0
PTMAA A 1*1/ V ? 1 1 O
SO 0 Q /Iy 4
res 1 4 0 cJ
1 U . *T y L
19.5 3
PES/A 14.0 1 6
1 f\ d D y
1 0
21.1 6
25.5 9
PES-HMw 14.2 5
16.6 58
1 Q 1
PTMS/A 20.6 19
26.8 81
PTMS None found
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Figure 3.1 Rate of enzyme catalyzed hydrolysis as a function of
composition for PHB/V copolymers.
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Figure 3.2 Thermal properties of PHB/V as a function of 3HV copolymer
composition. AHm (), Tm ().
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Figure 3.3 Weight loss rates as a function of AHf for PHB/V copolymers.
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Figure 3.4 Weight loss rates of bacterial P(3HB/4HB) copolymers as a
function of composition.
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Figure 3.5 Thermal properties of bacterial P(3HB/4HB) copolymers
as a function of composition. AHf (), Tm ().
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Heat of Fusion (J/g)
Figure 3.6 Correlation between AHf and weight loss rates for the
P(3HB/4HB) copolymers of different compositions.
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3.5
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Figure 3.7 Weight loss as a function of time in the hydrolysis of
isotactic poly([R,S]-butyrolactone) by A. fumigatus PHB
depolymerase. Films of different of isotactic diad contents
(%), and a control sample (C). (According to reference 14)
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Figure 3.8 Weight loss of films of poly([R,S]-butyrolactone) degraded by
A. fumigatus and P. lemoignei PHB depolymerases. Film
weight loss after 500 hours as a function of isotactic diad
content (%). (According to reference 14)
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Figure 3.9 Weight loss as a function of time in the hydrolysis of
syndiotactic poly([R,S]-butyrolactone) by A. fumigatus PHB
depolymerase. Films of different of isotactic diad contents
(%), and a control sample (C). (According to reference 14)
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Figure 3.10 Weight loss as a function of time in the hydrolysis of
synthetic P(3BL/4BL) films by A. fumigatus PHB
depolymerase. 4BL copolymer content: 0% (), 11% (), 22%
(O), 33% (), a bacterial PHB/22%V film () is shown for
comparison.
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Figure 3.11 Initial degradation rates of synthetic P(3BL/4BL) films
incubated with A. fumigatus PHB depolymerase as a function
of copolymer composition.
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Synthetic and Biosynthetic Polyesters
Figure 3.12 Weight loss rates of synthetic aliphatic polyesters hydrolyzed
by A. fumigatus PHB depolymerase. (ND- no degradation).
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Figure 3.13 Weight loss of commercial polyesters catalyzed by A.
fumigatus PHB depolymerase as a function of time. PTMS
(), PTMS/A (), PES-HMw (O), and PES/A (A); "Bionolle™"
1000, 3000, 6000, and 7000 films, respectively.
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Figure 3.14 Turbidimetric assay of PHB depolymerase activity towards
polyester powder suspensions. Polymer with PHB
depolymerase: PCL (), PVL (T), PHB (•); and without
enzyme (control): PCL (), PVL (A), PHB (O).
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Figure 3.15 Products of bacterial PHB and PHV degradation by
A. fumigatus PHB depolymerase.
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Figure 3.16 Chromatogram of PEA degradation products from hydrolysis
with fungal PHB depolymerase.
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Figure 3.17 Chromatogram of the enzymatic degradation products of
PES.
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IFigure 3.18 Chromatogram of the enzymatic degradation products of
PTMA.
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3.19 Aliphatic polyester structures modeled to approximate
crystalline chain conformations. Carbonyl groups in solid
boxes represent a (+) consensus while those in dashed line
boxes represent a (-) correlation relative to the 2i-PHB helix.
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PHB2/1
PHB
PES
PEA
PTMS
*1 -4 p '
PTMA
PCL
PHB
Figure 3.20 Aliphatic polyester structures modeled as chain-extended
fraws-conformers. Carbonyl groups in solid boxes represent a
(+) consensus while those in dashed line boxes represent a (-)
correlation relative to the trans-PHB carbonyl groups.
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Introduction
Poly(P-hydroxyalkanoate)s (PHAs) are accumulated as an
intracellular reserve carbon source by a large variety of bacteria. 1 Poly((3-
hydroxybutyrate) (PHB) and poly(P-hydroxybutyrate-co-valerate)
((PHB/V) copolymers isolated from bacteria exhibit thermoplastic
properties, as well as an inherent biodegradability, qualities that have
attracted interest in their commercial development.
The wide ecological occurrence of bacterial polyesters is
accompanied by microorganisms that can utilize extracellular PHAs by
secreting degradative enzymes. Bacterial PHB and PHB/V are readily
degraded by microbial populations in marine, activated sewage sludge,
soil, and compost ecosystems. 2,3 Degradative organisms isolated from
these environments secrete extracellular hydrolytic enzymes, and
prokaryotic and eukaryotic PHB depolymerases have been purified and
characterized. 4 " 7
The structure and function of the PHA depolymerases have been
subjects of increasing investigation, because the enzymes utilized by
microorganisms are central to the understanding of polyester
biodegradation processes. The primary structures of several PHB
depolymerase have been characterized, and were found to include
"lipase box" consensus sequences, indicating that PHB depolymerases
belong to the family of serine esterases.
8
-
9 In addition to the evidence of
a common organization of domains between different PHB
depolymerases, 10 proteolytic modification of native PHB depolymerases
confirmed that the enzymes are comprised of a two domain
11 19
structure. 1
1
*
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The two domains of PHB depolymerases are believed to perform
separate enzyme functions: a binding domain that facilitates the
association of the enzyme to the insoluble substrate surface, and a
catalytic domain that is responsible for the hydrolysis of the ester bonds
in the polymer chains. In principle, the two-domain structure functions
synergistically to concentrate the PHB depolymerase catalytic activity at
the substrate surface, promoting the rapid solubilization of the polymer.
PHA depolymerases catalyze the hydrolysis of insoluble bacterial
polyesters into water soluble products that consist of monomer and
dimer of the repeating units. The enzymes, unable to diffuse through
polymeric substrates as a result of their own macromolecular structures,
are restricted to degradative action at the polymer surface. The
heterogeneous kinetics of PHB degradation by PHB depolymerases has
been described by models that incorporate two enzyme-substrate
interaction steps as shown below: 13,14
IE 0 J + [S 0 ] [E.S] + [S]
kcat
» [E.S] + [P]
Using the kinetic expressions derived for this model, which assume
that adsorption and catalytic enzyme functions are independent, the
rates of PHB hydrolysis by P. lemoignei and A. fumigatus PHB
depolymerases could be predicted over a wide range of substrate and
enzyme concentrations. 13 A more recent investigation of the forces
governing depolymerase action determined the thermodynamic
parameters (AH absorption, AG* e sterase) for enzyme-polymer interactions
of the A. faecalis PHB depolymerase, which were obtained from a kinetic
analysis of polymer hydrolysis. 1
5
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Although kinetic models of enzymatic PHB degradation
successfully describe the hydrolytic activity of PHB depolymerases, the
specific interactions between the enzyme and polymer are still poorly
understood. In an effort to gain a more detailed understanding of
polyester degradation mechanisms, the adsorption of A. fumigatus PHB
depolymerase on naturally occurring PHB and other biodegradable
polyesters was investigated. The nature of enzyme binding forces,
subsequent enzyme interactions, and their relation to depolymerase
domain structure and substrate specificity were addressed through a
study of depolymerase adsorption and desorption on polyester surfaces.
Experimental
Materials
PHB powder was used as obtained from Polysciences Inc.
(Warrington, PA). Poly(b-hydroxybutyrate-co-22% valerate)
(PHB/V)(Aldrich Chemical Co., Milwaukee, WI) was dissolved in
chloroform, reprecipitated into methanol and dried under vacuum.
Films of reprecipitated PHB/V were made from 5% wt/vol solutions in
chloroform cast onto a glass surface.
Poly(e-caprolactone) (PCL) Mw =30,000 (Union Carbide Co.,
Danbury, Ct) was obtained as an extruded film approximately 60 um
thick.
High molecular weight PES, polyethylene succinate-co-adipate)
(PES/A), and poly(tetramethylene succinate-co-adipate) (PTMS/A)
"Bionolle™" materials were obtained from Showa High Polymer Co. Ltd.,
(Tokyo, Japan) as extrusion blown films of 30- 50 um thickness.
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[R,R,R]-3-Hydroxybutyrate triolide samples synthesized and
purified according to Plattner, et a/. 16 were obtained from Professor D.
Seebach (Zurich-ETH, Switzerland).
PHB depolymerase was produced by fermentation of A. fumigatus
on PHB powder, and purified as described in Chapter 2.
Other solvents and chemicals were obtained from J.T. Baker
Chemical Co., (Phillipsburg, NJ), and Aldrich Chemical Co., (Milwaukee,
MI), and were used without further purification. Buffers and biochemical
reagents were obtained from Sigma Chemical Co., (St. Louis, MI).
PHB Powder Surface Area Determination
PHB powder obtained from Polysciences Inc. was determined to
have a surface area of 8 m^/g by BET measurements conducted by
Timmins. 1 3
Spectrophotometric (Turbidimetric) Enzyme Assay
PHB powder (with a surface area of 8.0 m2 /g) was suspended at a
concentration of 300 ug/mL PHB in 50 mM Tricine-NaOH/ 0.05 mM CaCh
pH 8.0. The PHB suspension was sonicated for 10 minutes to disperse the
polymer uniformly. This suspension (lx PHB) was used as the standard
method of PHB depolymerase activity determination. The reaction was
initiated by the addition of enzyme to 1.0 mL lx PHB suspension in a 1.5
mL (10 mm) disposable cuvette at room temperature. After an initial
measurement of absorption the assay mixture was incubated at 45°C.
The change in absorption at 660 nm was measured as a function of time
with a Model 24 UV-Vis Beckmann Instruments spectrophotometer
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(Irvine, CA). A unit of enzyme activity (AU) was defined under the above
conditions as the change in 0.001 A per minute (AmA/min).
Enzvme Adsorption
A general procedure to investigate enzyme adsorption to PHB was
developed. Initially, 1.0 mL lx PHB suspension (300 ug PHB/mL or 24
cm2 PHB ) and 20 uL purified PHB depolymerase (20 ug protein/mL) were
incubated together for 0, 10, 20, 30 and 60 minute time intervals at 4 °C
before being centrifuging at 1000 rpm for 7 min. The buffer solution
(approximately 0.990 mL) was separated from the PHB pellet using a
syringe. This solution contained the fraction of PHB depolymerase that
did not adsorb to the polymer, and could be assayed by the addition of
100 uL PHB suspension (3.0 mg PHB/mL) or (lOx PHB), conditions which
reproduced the standard turbidimetric enzyme assay. Adsorbed enzyme
activity was similarly determined by resuspending the centrifuged PHB
pellet in 1.0 mL 50 mM Tricine-NaOH pH 8.0 buffer followed by
turbidimetric analysis. Further enzyme adsorption experiments followed
an identical procedure, utilizing a incubation time of 2 minutes and
varying other conditions as indicated below.
Depolymerase Binding as a Function of Temperature
Enzyme adsorption to PHB powder suspensions at 4, 27 and 37°C
was determined according to the above procedure. Enzyme binding and
centrifugation steps were conducted at each temperature with 100- 3000
ug protein/mL PHB depolymerase concentrations (additions of 5- 150 uL
purified PHB depolymerase preparation). At 37°C incubations, 250 ug 3-
hydroxybutyrate triolide, an uncompetitive inhibitor, was added to the
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initial PHB suspension to minimize the enzymatic hydrolysis of PHB
during the adsorption experiment. Both adsorbed and solution
depolymerase activity were determined.
Binding as a Function of PHB Concentration/Surface Area
Suspensions of 75, 150, 200, and 300 ug/mL PHB (4, 6 12 and 24
cm 2 surface area, respectively) were each incubated with 5, 10, 20, and
50 uL PHB depolymerase (20 ug protein/mL) to observe the effect of PHB
concentration on enzyme adsorption. Other aspects of the procedure
were identical to those described above.
Enzvme Desorption
The desorption of PHB depolymerase from the surface of PHB was
investigated according to the following procedure: at 4°C, 1.0 mL lx PHB
suspension was incubated with 5, 10, 20 and 50 uL PHB depolymerase
preparation (15 ug protein/mL) for two minutes. The suspensions were
centrifuged, and the buffer was removed. The adsorbed enzyme-PHB was
resuspended in 1.0 mL fresh 50 raM Tricine-NaOH, incubated for two
minutes and centrifuged iteratively n times, where n =0 to 3, before
analyzing the remaining adsorbed PHB depolymerase activity.
Extraneous Protein (BSA) Effect on PHB Depolymerase Activity
Bovine serum albumin (BSA) was added to the PHB turbidimetric
assay to observe the effect of non-specific protein-polymer interaction on
PHB depolymerase polymer degradation. BSA (10.5 mg) was dissolved in
1.0 mL distilled H2O as a stock solution. The BSA solution was added in
1-100 uL volumes to lx PHB suspension. Mixtures of PHB-BSA were
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incubated for 5 minutes at room temperature, followed by the addition
of purified PHB depolymerase (with an initial concentration of 23 ug
protein/mL) and turbidimetric observation of the enzymatic degradation
behavior.
1R.R.R1-3HB Triolide Effect on Depolvmerase Adsorption
The effect of [R,R,R]-3HB triolide on depolymerase- polymer
interaction was investigated at room temperature by varying the order of
addition of reaction constituents. To 1.0 mL of lx PHB suspension with
250 ug [R,R,R]-3HB triolide (50 uL triolide solution @ 5 mg /mL), 20 uL
enzyme was added. In a second test tube, 250 ug [R,R,R]-3HB triolide and
20 uL enzyme were incubated for 5 minutes prior to the addition of 1.0
mL lx PHB suspension. A third test tube pre-incubated the enzyme and
lx PHB suspension for 5 minutes prior to the addition of triolide. A
mixture of lxPHB and 20 uL enzyme, lacking triolide, was used asd at 4,
27, and 37°C. These mixtures were incubated for 2 minutes before
centrifugation and measurement of adsorbed PHB depolymerase activity
by turbidimetry. Specific mechanisms of depolymerase inhibition by
[R,R,R]-3HB triolide are discussed in Chapter 5.
PHB Depolvmerase Binding Specificity
PHB depolymerase adsorption to aliphatic polyester films was
investigated to determine the influence of polymer chemical structure
on enzyme-surface interactions. Films of PHB/V, polyethylene succinate)
(PES), poly(tetramethylene succinate)(PTMS), polyethylene succinate-co-
adipate) (PES/A) and PCL with 8.0 cm2 surface area (dimensions 2.83 x
2.83 cm2 ) were rinsed with 95% ethanol/H20, dried, and placed into 3.0
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mL 50 mM Tricine-NaOH buffer (pH 8.0). After addition of A. fumigatus
PHB depolymerase (20 uL @ 40 ug/mL), the samples were vortexed and
incubated for 10 and 35 minutes at 23°C. An analogous PHB powder
experiment was conducted by using 100 ug PHB/mL suspension (8 cm2
surface area) in 3.0 mL buffer and centrifugation of the polymer
suspension. The activity remaining in 1.0 mL incubation buffer was
measured turbidimetrically by adding 100 uL lOx PHB and following the
standard PHB assay procedure. The fraction of depolymerase adsorbed to
the polymer was calculated from the measured activities of enzyme-
buffer solutions incubated without polymer samples.
Results and Discussion
Turbidimetric PHB Assay and PHB Depolymerase Activity
The enzyme-polymer interactions have received little detailed
study outside of the kinetic treatment of PHB depolymerase activity.
Delafield first reported that the hydrolytic behavior of PHB depolymerase
was determined by enzyme adsorption onto the substrate. 17 Although
more recent studies have proposed the existence of strong interactions
between the PHB depolymerases and the substrate,4 - 14,1
5
few direct
observations of such enzyme behavior have been reported.
For the first time, experiments directly characterizing the PHB
depolymerase adsorption on PHB and subsequent desorption behavior
were conducted. In the present study a method to observe both the
enzyme fraction bound to polymer (Eb = [E»S]) and the enzyme
concentrations remaining in solution (Ef) was developed in order to
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study the heterogeneous reaction events involved (equation shown
below) in the enzymatic degradation of PHB.
[E 0 ] + [S 0 1 y-2^ [E.S] [S]
The turbidimetric PHB depolymerase assay was used to measure
the amount of A. fumigatus PHB depolymerase present. Numerous
studies have used spectrophotometric analysis to follow the hydrolysis of
PHB suspensions for the qualitative determination of enzyme
activity. 18,19 By using a known concentration of enzyme and polymer
surface area, the kinetics of the reaction may be described quantitatively
by the change in turbidity of the polymer suspension. 1
3
The standard
turbidimetric assay conditions used to measure the units of PHB
depolymerase activity (AU) were as follows: 300 ug/mL PHB powder (a
surface area of 24 cm2 ), in 50 mM Tricine-NaOH buffer at pH 8 and 45°C.
A unit of PHB depolymerase activity (AU) was defined as the rate of
decrease in the sample absorbance at 660 nm: 1AU= A 0.001 OD/min
(AmOD/min). These conditions and units of PHB depolymerase activity
were used to measure the concentration of PHB depolymerase throughout
the adsorption experiments.
The relationship between the turbidimetric PHB degradation rate
(V 0 = AmOD/min) and assay enzyme concentration (ug/mL), which was
determined using standard assay conditions with purified A. fumigatus
PHB depolymerase, is shown in Figure 4.1. The initial rates of PHB
degradation were non-linear with respect to PHB depolymerase
concentration above enzyme concentrations of 0.60 ug
protein/mL.
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Turbidimetrically determined PHB degradation rates reached an
apparent maximum above 1.0 ug PHBase/mL, indicating substrate
saturation conditions occurred. The fungal PHB depolymerase did not
exhibit reduced degradation rates when depolymerase concentrations up
to 8.0 ug/mL were used, in contrast to the inversely proportional
degradation rate dependence at high enzyme concentrations which has
been observed for several bacterial PHB depolymerases.4
At lower PHB depolymerase concentrations, the enzyme
dependence of the initial PHB degradation rate (V0 ) was linear. Figure 4.2
shows the dependence of V0 as a function of PHB depolymerase
preparation volume (uL) added to the assay suspension (1.0 mL). The
purified A. fumigatus PHB depolymerase preparation used in this study
contained 20 ug protein/mL, and was determined to have specific
activity of 191 AU/ug enzyme from the data of Figure 4.2. These enzyme
system constants could be used later to determine initial enzyme
concentrations and could be applied as conversion factors between units
of measurement.
PHB depolymerase adsorption to PHB was investigated through
experimental variations of the standard turbidimetric PHB assay. The
high surface area of the powder suspension (8 cm2 /g PHB) approximated
the conditions of a homogenous system. Thus, diffusion limitations of
enzyme adsorption to the polymer surface were eliminated. Conditions
such as PHB surface area could be easily varied by the PHB concentration
of the suspension, while keeping sample volume uniform (1.0 mL).
The turbidimetric quantification of PHB depolymerase (as AU) was
applied to determine the enzyme concentrations during surface
adsorption: initial enzyme (E0 ), PHB-bound enzyme (Eb ), and solution
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enzyme (free) (Ef) concentrations. The concentration of suspended PHB
could be easily modified to obtain the conditions of the standard
turbidimetric quantification of PHB depolymerase for any volume of
enzyme solution. By adding 100 uL of a concentrated suspension with
3.0 mg/mL PHB (lOx PHB) to the dilute solutions of unbound PHB
depolymerase (approx. 1 mL), a final PHB concentration of 300 ug/mL
could be attained once more. Thus, the lOx PHB suspension was
particularly useful for the determination unbound PHB depolymerase
activity (Ef) remaining in the buffer solutions.
The separation of PHB adsorbed (bound) enzyme fractions (Et>)
from the PHB depolymerase remaining (free) in solution (Ef) was made
by centrifugation of the polymer suspension, followed by removal of the
buffer solution from the sample. The centrifugation required 7 minutes
and, therefore, the separation between PHB bound and unbound enzyme
fractions could not be made instantaneously. As a result, an accurate
measurement of enzyme adsorption kinetics was not possible.
In light of this limitation, the enzyme adsorption equilibrium was
found to occur almost instantaneously. PHB depolymerase adsorption to
PHB (24 cm2/mL) as a function of the incubation period prior to
centrifugation is shown in Figure 4.3. Between 2 and 15 minutes of
incubation at 4°C, the amount of PHB bound depolymerase varied little.
A period of 2 minutes of binding time and 7 minutes of centrifugation
was applied to all other samples before measuring bound and free
enzyme fractions by separate turbidimetric assays. At periods of
incubation greater than 15 minutes, both the amounts of depolymerase
activity found adsorbed to PHB and in solution were reduced, suggesting
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that enzyme adsorption to the glass vessel became more significant as a
function of time.
PHB Depolymerase Adsorption
The adsorption of A. fumigatus PHB depolymerase on PHB
suspensions could be used to characterize the forces and interactions
between the enzyme and the insoluble substrate. The PHB depolymerase
absorption behavior was dependent on the initial enzyme concentration,
as demonstrated by the data in Figure 4.4. The PHB depolymerase
activity observed as a function of the enzyme concentration is given in
this figure for PHB suspensions assayed without the separation (Ew ) of Eb
and Ef, PHB adsorbed (Eb) enzyme fractions, and enzyme fractions
remaining in solution (Ef). At low enzyme concentrations, bound and
free enzyme activity increased in proportion to the initial enzyme
concentration.
Although not shown on Figure 4.4, solution PHB depolymerase
concentrations exceeded bound enzyme concentration above 1 .0 ug/mL,
near the maximum PHB depolymerase adsorption concentrations. The
absorbed PHB depolymerase reached a limiting value below that of the
E w initial activity, indicating that a finite quantity of enzyme adsorbed
to the surface. The sum of PHB bound and solution PHB depolymerase
activity (Eb+Ef) is shown for comparison to Ew , and Eb+Ef displayed
substrate saturation behavior at a concentration twice that of Ew , as
expected.
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Temperature Dependence of Depolymerase Adsorption
The forces of enzyme-substrate binding may be estimated by the
temperature dependent adsorption behavior. 20 ' 21 Thermodynamic
expressions have been previously used to determine enthalpies of
adsorption from kinetic binding constants (Km ) as a function of
temperature. Kasuya, et al. applied a similar kinetic analysis to the
thermodynamic dependence of the A. faecalis PHB depolymerase binding
constant, Km- 1
5
The temperature dependence of the interactions between
small molecules and enzymes may be described through kinetic
investigation because substrate "binding" and "catalytic" sites are
typically the same, but an analogous kinetic analysis may not accurately
describe heterogeneous interactions between the enzyme and a polymer
surface which involve separate enzyme domains.
A direct determination of the temperature dependence of PHB
depolymerase adsorption behavior was made. PHB samples (24 cm2
powder) were incubated with 0.1- 3.0 ug (5- 150 uL) PHB depolymerase at
4, 27, and 37°C. To avoid shifts in the adsorption equilibrium attained
during incubation, the centrifugation step was also carried out at these
temperatures. At 37°C, the addition of [R,R,R]-3 hydroxybutyrate triolide,
a uncompetitive inhibitor of depolymerase activity,
22 was made to avoid
sample degradation and concomitant surface area changes.
The adsorption behavior of PHB depolymerase at 4, 27, and 37°C
follow Langmuir isotherms as seen in Figure 4.5. PHB bound enzyme (Eb)
fraction is shown as a function of the solution (free) enzyme (Ef),
calculated from the difference between E0 -Et>- The binding of the
depolymerase to PHB at 4- 37°C produced essentially identical
adsorption isotherms, conclusively showing that enzyme adsorption was
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independent of temperature. Hydrogen bonding and ionic interactions
do not appear to be significant forces of PHB depolymerase adsorption,
because these forces of interaction are directionally dependent, and are
strongly affected by the thermal energy of a system. In contrast,
hydrophobic interactions, which are non-directional forces that depend
on the surface area and the entropy of contact with water,23 may be
expected to vary little over the temperatures of this study. The
temperature independence of PHB depolymerase adsorption to PHB is
consistent with the assertion that hydrophobic forces determine the
interaction of the PHB depolymerase with the substrate.
The adsorption constant (K ad) and the limit of adsorption (Ebmax)
of the fungal PHB depolymerase could be determined using a linearized
Langmuir expression, 24 as shown below.
Langmuir Isotherm:
[E,l
=
1 K ad [E f l
Linearized Langmuir expression
1 1
[E b l [EtJmaH Kad lE f] [E b ]max
Analysis of 1/Eb vs. 1/Ef based on a linear fit of the data gave a
value of Ebmax of 111.0 AU, or 4.62 AlW (111.0 AW 24 cm?) from
the y-intercept, and an adsorption constant Kad = 2.78
*10"3 mL/AU
from the slope (see Figure 4.6). The value of 1/Kad
may also be expressed
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as 1.50 AU/mL cm 2 (24 cm2 ) to account for the surface area dependence
of PHB depolymerase adsorption.
Figure 4.7 illustrates the enzyme-polymer adsorption behavior as a
function of depolymerase and PHB concentrations. PHB surfaces with
areas of 4 to 24 cm2
,
absorbed increasing fractions of a fixed E0 , even at
the smallest enzyme concentrations used. The results in Figure 4.7 show
that the PHB depolymerase adsorption is dependent on substrate surface
area and enzyme concentration, confirming the validity of these
assumptions used in the kinetic model derived by Timmins, et. a/. 13
PHB Depolymerase Desorption from PHB
Although the proposed kinetic 13,14 and conceptual models 25 of
PHB depolymerase action generally account for enzyme-polymer surface
adsorption, subsequent enzyme mobility and desorption behavior during
polyester degradation were not addressed. To more completely describe
the PHB depolymerase interactions with the polymer surface, enzyme
desorption from PHB powder was investigated.
[E.S] + [SI ^=^r [E f] + [S f ]
Desorption of PHB depolymerase bound fractions (Eb) from PHB (24
cm 2 ) was determined as a function of the volume in which the polymer
was resuspended. Initial enzyme concentrations of 75 to 750 ng/mL were
exposed to the PHB surface, with 1 to 3 subsequent rinses of 1.0 mL buffer
that altered the equilibrium of adsorbed and free enzyme at each step.
The fraction of PHB depolymerase that remained bound after a given
rinse volume was determined by turbidimetry. Changes in the fraction of
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PHB adsorbed enzyme were dependent on the amounts of initially bound
depolymerase and the volume of buffer used re-suspend the PHB
adsorbed enzyme. The desorption behavior of the PHB depolymerase
from the surface of PHB is shown in Figure 4.8. Low surface
concentrations [Et>] of PHB depolymerase did not desorb appreciably,
while at higher Eb concentrations, larger fractions of enzyme were
removed.
The amount of enzyme desorbed depended on the initially bound
fraction as indicated in Figure 4.9. An enzyme desorption constant was
calculated from the desorption slopes (AU/mL) of different E0 (from
Figure 4.8), and the fraction of surface area bound by the adsorbed
enzyme, estimated by the ratio (Eb/Ebmax)*24 cm2 that is normalized to
units of PHB surface area. Linear analysis of the data in Figure 4.9
determined that the A. fumigatus PHB depolymerase desorption
constant, 1/Kd, had a value of -0.564 AU/(mL cm2 ).
The desorption process could also be treated according to the
Langmuir expression (above) which was derived for surface adsorption. A
double reciprocal analysis of the desorption behavior is shown in Figure
4.10. The fraction of Ef, determined as (v /(E0 -Ebv)), in which Ebv is the
enzyme activity remaining bound after a rinse volume v, was normalized
to account for the volume influence on the adsorption equilibrium. The
desorption data was fit with a linear expression to determine 1/Kd, which
had a value of -0.314 AU/(mL cm2 ). Separate analysis of the desorption
slopes and isotherm were found to determine comparable values (within
a factor of two) of the A. fumigatus PHB depolymerase desorption
constant.
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The surface desorption behavior of A. fumigatus PHB depolymerase
can be considered to be an equilibrium between the enzyme in solution
and the fraction of unbound surface area. Comparison of the adsorption
and desorption constants, 1/Kad = 1.50 AU/(mL cm*) and 1/Kd = -0.315
AU/(mL cm2), confirms that the depolymerase surface interactions are
dominated by binding forces. The depolymerase adsorbed strongly to the
surface, while desorption was found to occur with approximately one
fifth the probability of binding. During the enzymatic depolymerization
of PHB, the enzyme resides preferentially at the polymer surface.
Binding as a Function of Reaction Additives
The non-specific adsorption of proteins on polymeric surfaces has
been found to be important in the biomedical applications of polymeric
materials. 26 The effect of extraneous protein on PHB depolymerase
interactions with PHB has been previously observed by Saito27 and
others.
Experiments in which bovine serum albumin (BSA) is added to the
turbidimetric assay of PHB depolymerase are summarized in Figure 4.11.
Curve A shows the initial rates of the turbidimetric assay as a function
of depolymerase concentration. Curve B indicates the effect of 100 ug/mL
bovine serum albumin on the activity of increasing PHB depolymerase
concentrations. Both the rate of enzymatic hydrolysis for a given enzyme
concentration and the maximum rate observed were decreased by the
presence of BSA. PHB degradation assays that applied increases of BSA (10
mg protein/mL) and PHB depolymerase (23 ug protein/mL)
concentrations in 1:1 volume increments, are shown as curve C in Figure
4.11. The turbidimetric degradation rate at high protein concentrations
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decreased, analogous to the substrate saturation of degradation rates
exhibited by several bacterial PHB depolymerases.4 Increasing extraneous
protein concentrations from 0 uL to 100 ug/mL affected the degradation
rate (V0 ) of 10 uL PHB depolymerase by reducing the efficacy of
depolymerase-polymer interactions at low depolymerase concentrations,
as shown by curve D. Curves C and D in Figure 4.11 indicated that
extraneous protein may have had a deleterious effect on degradation
rate, which was most readily explained by BSA surface obstruction of PHB
depolymerase adsorption to PHB.
Surface active agents such as Triton X-100 or Tween-80 (non-ionic
surfactants) displayed similar PHB depolymerase inhibition functions,
although at much lower concentrations. 7 The interaction of BSA with
PHB, and the resulting PHB depolymerase activity is consistent with the
non-specific adsorption of BSA with the polymer surface. The high
concentrations of BSA required to effect PHB depolymerase activity
suggests that the extraneous protein has a low affinity for the PHB surface
compared that of the PHB depolymerase.
Effect of [R.R.R1-3HB Triolide on Enzvme Adsorption
[R]3-Hydroxybutyrate oligolides (x= 4- 8 in structure below) were
found to be readily degraded by the A. fumigatus PHB depolymerase.
22
An exception to the enzymatic degradation of PHB analogs was
[R]-3HB
triolide (x= 3), which was unreactive with the PHB hydrolase.
181
[R,R,R]-3-Hydroxybutyrate triolide was found to inhibit the
hydrolysis of PHB suspensions by A. fumigatus PHB depolymerase,
indicating that the nine membered 3-hydroxybutyrate ring structure
interacted with the PHB depolymerase. The mechanism of PHB
depolymerase inhibition by 3HB-triolide was further investigated by
binding studies.
The adsorption of A. fumigatus PHB depolymerase to PHB
suspensions is shown in Figure 4.12 for different triolide inhibition
conditions. The order of enzyme, PHB suspension, and triolide addition
to the test tube were hypothesized to effect the events of interaction
between depolymerase and polymer. The "control" sample indicates the
amount of enzyme activity which adsorbed to PHB in the absence of
triolide. The sample indicated as "PHB and Triolide" (250 ug/mL 3HB
triolide) were mixed prior the addition of PHB depolymerase. The
"Enzyme and Triolide" sample incubated the triolide and depolymerase
solutions together before the PHB suspension was added. The
depolymerase was also incubated with polymer ("PHB+Enzyme") prior to
triolide addition to determine whether enzyme adsorption prevented
enzyme-triolide interactions. The samples thus prepared were incubated
for 2 minutes, centrifuged, and treated to remove the buffer solution
(containing the triolide and Ef) before determining the PHB
depolymerase activity adsorbed by turbidimetry.
The inhibitory effect of 250 ug/mL triolide on the enzymatic PHB
degradation is seen in the "Control + Triolide" sample, where triolide
was added to the PHB adsorbed enzyme as part of the turbidimetric
assay. Neither the presence of triolide nor the order of addition appeared
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to significantly alter the adsorption behavior of the PHB depolymerase.
The adsorption of A. fumigatus PHB depolymerase to PHB was unaffected
by the presence of triolide, demonstrating that the inhibitory effect of
the [R,R,R]-3-hydroxybutyrate triolide is associated solely to the catalytic
domain or active site of the enzyme.
Because of the structural relationship between the 3HB triolide and
PHB, the cyclic compound may mimic the catalytic domain interactions
with PHB. The triolide is believed to bind at two subsites of the enzyme
catalytic domain, physically blocking the catalytic residues from causing
cleavage of both triolide and polymer chains. The triolide inhibition of
PHB depolymerase was found to be uncompetitive, and a more complete
description of PHB depolymerase interaction with cyclic PHB analogs is
discussed in Chapter 5. Further evidence of the independent
depolymerase domain interactions with the substrate is provided by the
adsorption behavior of fungal PHB depolymerase towards aliphatic
polyesters.
Depolymerase Adsorption to Aliphatic Polyester Films
A. fumigatus PHB depolymerase has been found to hydrolyze
synthetic poly(ethylene succinate) (PES) and poly(ethylene succinate-co-
adipate) (PES/A) in addition to bacterial PHB and poly((3-
hydroxybutyrate-co-valerate). 28 The fungal depolymerase did not
catalyze the degradation of other aliphatic polyesters such as poly(e-
caprolactone) (PCL) or poly(tetramethylene succinate) (PTMS). (See
polymer structures below.)
To determine whether the adsorption of fungal PHB depolymerase
to films is dependent on polyester chemical composition, (which would
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in turn affect the degradation reaction of the polymer catalyzed by
enzyme), enzyme binding to PCL, PES, PTMS, PES/A and PHB/V films was
investigated. The depolymerase adsorbed to 8.0 cm2 films of
biodegradable polyesters was determined by measuring the depolymerase
activity remaining in the buffer (Ef) after 10 and 35 minute incubation
periods, relative to a buffer (control) without a film sample. The fraction
of PHB depolymerase activity absorbed to the polymer films could
estimated by the difference in E0 and Ef. The PHB depolymerase activities
remaining in the buffer after 10 and 35 minutes of exposure to polyester
films are shown in Figures 4.13 and 4.14, respectively.
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The concentration of PHB depolymerase used for these experiments
was critical, because both conditions of discernible bound and unbound
enzyme quantities were required in the experimental technique in order
to provide useful information. PHB suspensions of 8.0 cm2 (100 ug
PHB/mL) were used to determine whether depolymerase adsorption
behavior to films was similar to that of the PHB powder.
A. fumigatus PHB depolymerase adsorbed to the surface of each
polyester film. Enzyme adsorption to polymer films increased after 10
minutes, as indicated by a comparison to the adsorbed fractions at 35
minutes. Surface erosion of the films during the incubation at 23°C was
negligible. The greater concentrations of enzyme adsorbed to films at 35
minutes suggests that depolymerase binding was affected by diffusion
limitations. In comparison, enzyme adsorption to PHB suspensions with
a high surface-to-volume ratio (approximating a homogeneous system)
reached equilibrium rapidly. PHB depolymerase binding to the glass may
also have increased as a function of time, as suggested by apparent
changes of the control (lacking polyester film) sample activity. (The
enzyme was found stable at temperatures up to 50 °C in the buffer
used. 7 )
Adsorption of the PHB depolymerase to polymer films after 35
minutes incubation was more reproducible than after a 10 minutes
incubation period. This result may be attributed to the diffusion
dependence of PHB depolymerase adsorption to the film samples. PHB/V,
PTMS, PES, PES/A and PCL adsorbed enzyme fractions after 35 minutes
were found nearly identical to that of PHB powder. The A. fumigatus
PHB depolymerase adsorption was found to be independent of polyester
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chemical structure, as expected for a binding process governed by
nonspecific hydrophobic interaction forces.
PHB/V, PES, PES/A and PHB samples were hydrolyzed by action of
the fungal depolymerase, while PTMS and PCL which are chemically
similar polyesters, were found not to be hydrolyzed by the fungal PHB
depolymerase. The enzymatic degradation rates of polyester films, which
were determined in vitro with purified A. fumigatus PHB depolymerase,
were as follows: PHB- 0.011, PHB/V- 0.067, PES- 0.014, PES/A- 0.035,
PTMS/A- 0.002, PTMS- 0.00, and PCL- 0.00 mg/cm2 hr. No relationship
between enzyme adsorption and film degradation rate was found.
Therefore, PHB depolymerase substrate specificity was not determined by
the adsorption behavior of the PHB depolymerase. Instead, the results
reveal that the broad polyester degradative activity of the A. fumigatus
PHB depolymerase is defined by the interactions of the catalytic domain
with the polymeric substrate. Although the PHB depolymerase isolated
from A. fumigatus exhibited unique hydrolytic activity for the PHB
depolymerases known, the substrate adsorption of the fungal enzyme
may represent a general model of depolymerase-polymer interactions.
Conclusions
Experiments directly characterizing the PHB depolymerase
adsorption to PHB and subsequent desorption behavior provided new
insight into the mechanism of PHB depolymerase action. A high affinity
of the PHB depolymerase towards the polymer surface was observed, and
a binding constant (1/Kb ) of 1.50 AU/(mL cm2 ) A. fumigatus PHB
depolymerase was determined. Depolymerase adsorbed on PHB surfaces
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reversibly, in equilibrium with the solution enzyme concentration and
free polymer surface area, and exhibited a desorption constant (1/Kd ) of
-0.315 AU/(mL cm2).
The enzyme adsorption behavior was found to be temperature
independent and appears to be determined by hydrophobic interactions
between the depolymerase and PHB. The primary sequences of bacterial
PHB depolymerases were found to contain threonine rich regions (22-28
threonine residues) or fibronectin type III modules close to the putative
binding domains. 10 ' 29 Such regions of hydrophobic peptides may
perform an important function during PHB depolymerase adsorption to
the insoluble substrate.
The temperature independence of adsorption contrasted sharply
with the strong temperature dependent nature of the PHB enzymatic
hydrolysis. 7 The differences in enzyme adsorption and hydrolytic
behavior may be interpreted as evidence that catalytic and binding PHB
interactions are independent functions of A. fumigatus PHB
depolymerase domains.
PHB surface obstruction by extraneous protein and surface active
agents is believed to reduce the available surface area for depolymerase
binding. Triolide inhibition of PHB depolymerase activity was found to
affect the active site, because enzyme adsorption was not influenced by
the cyclic PHB analog. Thus, PHB depolymerase adsorption characteristics
are determined by a separate binding domain of the enzyme. Others
have suggested that specific adsorption behavior of PHB depolymerases
may be dependent on the environmental origins of the PHA degrading
organism. 4
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PHB depolymerase adsorption to the substrate surface was found to
be independent of the chemical structure of the polyester. The lack of a
relationship between depolymerase adsorption behavior and polyester
chemical structure further suggests that binding process are governed by
nonspecific hydrophobic interactions. The interactions observed between
the A. fumigatus PHB depolymerase and polymeric substrates confirmed
that the binding and catalytic domains act independently and serve
different enzymatic functions. Enzymatic substrate selectivity of A.
fumigatus PHB depolymerase towards aliphatic polyesters was concluded
to be determined solely by the PHB depolymerase catalytic domain. The
principal function of the binding domain is to increase the enzyme
concentration on the surface of the insoluble substrate.
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Figure 4.2 Linear relationship between initial PHB degradation rate
(V 0 ) and the amount of purified A. fumigatus PHB
depolymerase solution added.
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Figure 4.3 PHB depolymerase adsorption to PHB (24 cm2 ) suspensions
as a function of incubation time. PHB adsorbed enzyme
(Eb) (), free enzyme in solution (Ef) ().
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Figure 4.4 PHB depolymerase activity after exposure to PHB as a
function of initial enzyme concentration. Eb (), Ef (),
Eb+Ef(0), Ew (A).
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Figure 4.5 Langmuir isotherms of A. fumigatus PHB depolymerase
adsorption to PHB determined at 4, 27, and 37°C. 4°C (),
27°C (), 37°C (O).
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Figure 4.6 Double reciprocal plot of the Langmuir isotherm of PHB
depolymerase adsorption at 27°C.
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Figure 4.7 The surface area dependence of fungal PHB depolymerase
adsorption to PHB. Initial PHB depolymerase concentrations
of 100 ng/mL (), 200 ng/mL (O), 400 ng/mL (), and
1.0 ug/mL (), were used.
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Figure 4.8 Enzyme desorption from PHB (24 cm2 ) suspensions as a
function of volume. Initial PHB depolymerase
concentrations: 73 ng/mL (), 150 ng/mL (),
300 ng/mL (O), and 730 ng/mL (A).
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Figure 4.9 PHB depolymerase desorption as a function of the PHB
surface area initially bound.
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Figure 4.10 Double reciprocal plot of the PHB depolymerase desorption
isotherm.
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Figure 4.11 The effect of bovine serum albumin on PHB depolymerase
hydrolysis of PHB. Standard assay A (), Standard assay +
100 ug/mL BSA B (), 1:1 BSA:PHB depolymerase C (O), 10
uL Depolymerase + increasing uL BSA D (A).
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Figure 4.12 Effect of [R,R,R]-3-hydroxybutyrate triolide on A. fumigatus
PHB depolymerase adsorption.
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Figure 4.13 A. fumigatus PHB depolymerase adsorption to
biodegradable aliphatic polyesters after a 10 minute
incubation period.
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Figure 4.14 A. fumigatus PHB depolymerase adsorption to
biodegradable aliphatic polyesters after a 35 minute
incubation period.
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CHAPTER 5
THE ENZYMATIC HYDROLYSIS OF
LINEAR AND CYCLIC PHB ANALOGS: TOWARDS A MECHANISTIC
UNDERSTANDING OF PHB DEGRADATION BY DEPOLYMERASES
Abstract
The mechanisms of bacterial polyester hydrolysis were investigated
through the hydrolysis of cyclic and linear PHB analogs of by Aspergillus
fumigatus and Alcaligenes faecalis PHB depolymerases. The hydrolysis of
[R]-3-hydroxybutyrate (3HB) and [R]-3-hydroxyvalerate (3HV) oligolides
consisting of more than three repeating units was catalyzed by PHB
depolymerases. Hydrolysis product formation from 3HB oligolides and
linear oligomers were found to proceed through distinct cleavage paths
to form 3HB monomer and dimer products in different ratios.
Degradation product distributions of enzymatic oligomer and polymer
hydrolysis were not random when analyzed with a probabilistic model of
chain cleavage.
[R,R,R]-3HB and [R,R,S]-3HB triolides, although not hydrolyzed by
PHB depolymerases, inhibited the enzymatic hydrolysis of PHB
uncompetitively, according to depolymerase enatioselectivity.
Both endo and exo modes of depolymerase chain cleavage were
found to be incorporated into the action pattern of PHB depolymerases
to facilitate the degradation of PHB.
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Introduction
Poly(P-hydroxyalkanoate)s (PHAs) are accumulated as an
intracellular reserve carbon source by a large variety of bacteria. 1 Poly((3-
hydroxybutyrate) (PHB) and PHB/V copolymers isolated from bacteria
exhibit thermoplastic properties as well as an inherent biodegradability.
These qualities have attracted considerable interest in their development
as commercial plastics and promoted investigation of the processes by
which polyesters are degraded in the environment. 1,2
The wide ecological occurrence of bacterial polyesters is
accompanied by microorganisms that utilize extracellular PHAs by
secreting degradative enzymes. Bacterial PHAs are readily degraded by
microbial populations in marine, active sewage sludge, soil, and compost
ecosystems. ' 4 Organisms isolated from these environments secrete
extracellular PHA depolymerases, and several prokaryotic and eukaryotic
enzymes have been purified and characterized. 5
" 8
Poly(p-hydroxybutyrate) (PHB) and poly(P-hydroxyoctanoate)
(PHO) depolymerases exhibit a unique ability to depolymerize bacterial
polyesters. The extracellular PHA depolymerases hydrolyze poly([R]-p-
hydroxyalkanoate)s with a substrate specificity determined by the
stereochemistry and substituents of the polymer side chains.
9
'
10 PHB
copolymer content, 11 stereochemistry, 12 sequence distribution,
1
3
morphology, 14 ' 15 and substrate surface area,
16 were found to collectively
influence the rate and extent of PHB depolymerase polyester
degradation.
The characterization of PHA depolymerase structure and function
is central to an understanding of polyester biodegradation
mechanisms.
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The primary structures of several PHB depolymerase have been
determined, and were found to include "lipase box" consensus sequences,
as well as conserved regions with aspartate and histidine residues,
indicating that PHB depolymerases belong to a family of serine
esterases. 10 ' 17 Primary sequence analysis also provided evidence that a
common domain organization exists between different PHB
depolymerases. 17 Proteolytic digests of native PHB depolymerases
modified their hydrolytic activity towards PHB, and suggested that PHB
depolymerases are comprised of a two domain structure. 18 ' 19 Enzyme
adsorption and substrate specificity studies on the PHB depolymerase
secreted by A. fumigatus confirmed that the binding and catalytic
domains function independently. 20
The heterogeneous nature of enzyme-polymer interactions still
poses many questions about the process of polymer chain cleavage and
the degradative action exerted by the enzyme. Terms such as "endo" and
"exo" are frequently used to describe the enzymatic chain cleavage of
cellulases, amylases, lysozymes, and DNAse enzymes. Endo chain cleavage
refers to the random attack of an enzyme on any unit along the chain to
cause a rapid decrease of the molecular weight of the polymer chains
and a distribution of degradation products. The exo activity pattern is
defined as the enzymatic cleavage of well defined units starting from a
polymer chain end. In the well known example of cellulose degradation,
several types of enzymes participate synergistically to degrade the
insoluble substrate. The capacity to hydrolyze crystalline cellulose has
been attributed to exo-depolymerases (cellobiohydrolases), while the
randomly cleaving endoglucanases effectively degrade only amorphous
regions of the insoluble substrate. 21
" 23 Although the specific mechanisms
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of insoluble polymer degradation are not yet fully understood, the endo
and exo modes of enzyme action provide useful models with which to
discuss the enzymatic attack of the polymer chains.
Investigations of the interactions between PHB depolymerase and
PHB have recently focused on the heterogeneous kinetics of polymer
degradation reaction, and several kinetic models of enzyme behavior
have been proposed. 16,24,25 Discrete interaction between the PHBase and
polymer which were observed during early studies of the PHB
depolymerase systems presented fascinating possibilities, as well as
contradictory interpretations of the mechanism of polyester
degradation. 26 " 28
Initial studies of the extracellular PHB depolymerase isolated from
A. faecalis compared the degradation of soluble p-hydroxybutyrate ([R]-
3HB) oligomers with high molecular weight PHB. Tanio, et al concluded
that the degradation reaction proceeded from the free hydroxyl terminus
based on the observation that an R-3HB trimer protected at the carboxyl
terminus with a methyl ester degraded exclusively to a [R]-3HB-dimer
and a [RJ-3HB methylester. 26 Subsequent investigations determined that
the A. faecalis 2 ^ and P. lemoignei21 depolymerases hydrolyzed only the
second ester bond from the hydroxyl terminus of 3HB oligomers with
consistent frequency. More recent studies applied crude A. delafieldii
enzyme preparations to qualitatively characterize the degradation of
cyclic [R]-and [S]-3HB oligomers, as well as linear [R]-3HB octamers with
chemical protecting groups at both the carboxylic acid and hydroxy
termini. 29 These experiments provide the basis of the presently accepted
model of PHB depolymerase that suggests PHB is degraded by an endo
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mode of enzyme action, preferentially hydrolyzing units from the
hydroxy termini of the polymer chain.
The hydrolysis patterns of PHB depolymerases have remained
controversial, however, because other interpretations and apparent
contradictions were not considered. The investigations thus far have not
provided sufficient evidence to permit the unambiguous interpretation
of the mechanisms of PHB degradation by depolymerases. The
degradation of PHB analogs with well defined polymeric and oligomeric
structures by PHB depolymerases could be used to address the
ambiguities of the enzymatic PHB degradation process.
In the current study, purified extracellular PHB depolymerases
from Aspergillus fumigatus and Alcaligenes faecalis were utilized to
evaluate the mechanisms of PHB degradation. Novel experiments
investigating the enzymatic degradation of cyclic [R]-3-hydroxybutyrate
oligolides and [R]-3-hydroxyvalerate oligolides, and linear [R]-3-
hydroxybutyrate oligomers, were conducted. The kinetics of enzymatic
hydrolysis and degradation product distributions were quantitatively
analyzed, and compared to mathematical predictions for a random
degradation process of polymer chains. By applying the experimental
observations of the enzyme-polymer interactions, a new model of
enzymatic polyester degradation is proposed. A more precise
understanding of the PHB depolymerase catalytic processes during PHB
degradation may be applied to the future design and implementation of
biodegradable polyesters.
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Experimental
Cultures and Media
Fungi were isolated from the Springfield MA, Municipal leaf
compost by culture enrichment techniques selecting for PHB degrading
organisms. Several fungal isolates were obtained, primarily of the genus
Aspergillus and Penicillium. Taxonomic analysis later identified the
fastest growing isolates (M2A and T3A) as Aspergillus fumigatus. Culture
maintenance and media have been previously described. 8
E. coli strain JM109 with plasmid pUC8 carrying the A. faecalis
PHB depolymerase gene30 was obtained from Metabolix Inc. (Cambridge,
MA). Cultures were grown and maintained on L-broth media (Difco
Laboratories) supplemented with 50 mg/L ampicillin.
Substrates
PHB powder, with a surface area of 8.0 m 2/g, 16 was used as
obtained from Polysciences Inc. (Warrington, PA).
[R]-3-hydroxybutyrate (3HB) oligolides, [R]-3-hydroxyvalerate
(3HV) cyclic oligomers (oligolides), [R,R,R]-3-hydroxybutyrate and [R,R,S]-
3-hydroxybutyrate triolide, were synthesized, purified and characterized
by procedures developed at the Eidgenossische Technische Hochschule
(ETH) in Zurich Switzerland according to Plattner, et a/. 31,32 Linear [R]-3-
hydroxybutyrate dimer, trimer, tetramer, and octamer were synthesized
and characterized by B. Bachmann according to procedures developed in
the laboratory of Professor D. Seebach at the ETH. 33 Linear octamers of
[R,S]-3-hydroxybutyrate with controlled enatiomeric content were
synthesized and characterized by B. Bachmann according to Seebach et
21 1
al. 33 Samples of all 3HB, 3HV, and [R,S]- oligomeric compounds were
obtained from Professor D. Seebach (ETH, Zurich).
All other solvents and chemicals were obtained form J.T. Baker
Chemical Co. (Phillipsburg, NJ), and Aldrich Chemical Co. (Milwaukee,
WI), and were used without further purification. Buffers and biochemical
reagents were obtained from Sigma Chemical Co., (St. Louis, MI).
PHB Depolvmerase Production
Liquid fermentations of E. coli JM109 utilized L-broth/ampicillin,
with 20 mM glucose. 12 liters of medium were inoculated with a 1.0 L
culture of E. coli cells. After 6 hours growth at 37 °C, 200 rpm and
aeration of 4 L/min., the cells were harvested and centrifuged at 3500
rpm. The cell pellet (67 g) in 120 mL 50 mM Tris-HCL pH 7.5 buffer was
ruptured by two passes through a French press. The ruptured cell mass
was treated with DNAase (0.05 mg/g cells) at 4 °C and centrifuged to
obtain a crude protein solution. Further purification of the crude
transgenic A. faecalis PHB depolymerase was conducted according to the
procedures of Shirakura, et a/. 28
Bacterial A. faecalis PHB depolymerase was used as a partially
purified enzyme preparation with minor polypeptide contaminants as
observed by SDS-PAGE and coomassie blue stain.
Fungal PHB depolymerase was produced by the fermentation of A.
fumigatus on PHB powder, and was purified as described in Chapter 2.
Spectrophotometry Enzvme Assay
PHB powder was suspended at a concentration of 300 ug PHB/mL
in 50 mM Tricine-NaOH/ 0.05 mM CaCl 2 pH = 8.0. The PHB suspension
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was sonicated for 10 minutes to disperse polymer particles uniformly.
This suspension was used as the standard method for determining PHB
depolymerase activity. The reaction was initiated by the addition of
enzyme to 1.0 mL of PHB suspension in a 1.5 mL (10 mm) disposable
cuvette at room temperature. After an initial measurement of absorption
(A) the assay mixture was incubated at 45 °C. The change in absorption
at 660 nm was measured as a function of time with a Model 24 UV-Vis
Beckmann Instruments spectrophotometer (Irvine, CA). A unit of enzyme
activity (AU) was defined under these conditions as a change of 0.001 A
per minute (AmA/min).
Titrimetric Analysis of Esterase Activity
The reaction vessel containing a stirrer, 2.0 mL double distilled
water, and the substrate were brought to pH 8.0 with 5.0 mM NaOH
under a H2O saturated nitrogen atmosphere. Substrate hydrolysis was
initiated by the addition of 10 uL PHB depolymerase in a 50 mM Tricine-
NaOH solution [20 ug protein/mL stock enzyme preparation]. A heated
water bath maintained a constant reaction temperature. The pH of the
reaction (pH 8.0) was maintained by titration of the ester hydrolysis
products with 5.0 mM NaOH (degassed). The titristat instrument
consisted of a combination pH micro-electrode (Microelectodes Inc.,
Londonderry NH. model M-410) and a Radiometer recording titration
apparatus (pH Meter 26, Titrator 11, Titrigraph SBR2c, Syringe burret
SBUla, Radiometer, Copenhagen, Denmark) fitted with a 2 mL syringe
and Teflon/o-ring plunger (Aldrich Chemical Co., Milwaukee, WI).
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Titristatic Degradation of Olipolides and Oligomer*
The determination of oligomeric substrate degradation kinetics
was conducted using the above titristatic method. Approximately 1.0 mg
of sample was weighed into a 5.0 mL glass vial. The sample was dissolved
in 100- 200 uL dichloromethane to form a solution that was used to
coat the interior surface of the vial (approximately 7.5 cm2 ). After the
solvent was allowed to evaporate, 2.0 mL distilled H20 were added, the
reaction vial was brought to pH 8.0, and allowed to equilibrate to 30 °C
in the water bath. The hydrolysis reaction was initiated by the addition
of 10 uL purified PHB depolymerase (34 AU A. fumigatus, 13 AU A.
faecalis) preparation. Continuous titration of degradation products with
5.0 or 10.0 mM NaOH maintained the reaction at pH 8.0. The addition
of titrant as a function of time was recorded and allowed kinetic analysis
of the enzymatic degradation reaction. The enzymatic degradation of
linear and cyclic (i-hydroxybutyrate oligomers was conducted in
triplicate.
Time Course Degradation Product Formation
In a glass test tube, 3.0 g of substrate was added to 150- 250 uL
dichloromethane and the solution was used to coat the interior test tube
surface. After the solvent evaporated completely, 6.0 mL 50 mM Tricine-
NaOH buffer (pH 8.0) and a stirbar were added. The reaction vessel and
buffer were brought to 30 °C in a water bath, and a 0.5 mL aliquot was
removed and frozen in liquid nitrogen (t= 0.0). The addition of 10 uL A.
fumigatus PHB depolymerase preparation initiated the reaction. At 5
minute intervals, 0.5 mL fractions of the remaining reaction medium
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were removed and frozen in liquid N2 . Samples were stored at -20 °C
until degradation products were analyzed by HPLC.
[R,R,Rl-3-Hvdroxvhutvrate Triolide Inhibition
Reaction volumes of 2.0 mL with concentrations (75, 150, and 300
ug/mL) of PHB powder suspended in double distilled water were brought
to pH 8.0 and 45 °C in a temperature controlled water bath. 3HB Triolide
concentrations of 2.5, 25, 50, 125, and 250 ug/mL were added to the PHB
suspensions as solution of 5.0 mg/mL in distilled water. The reaction was
initiated by the addition of 10 uL PHB depolymerase solution [40 ug
protein/mL] and maintained at pH 8.0 by titrating the produced
carboxylic acid groups with degassed 5.0 mM NaOH. The assay could be
correlated to the PHB turbidimetric assay.
[R,R,R]-3-hydroxybutyrate and [R,R,S]-3-hydroxybutyrate triolide
inhibition effects were compared by the addition of 10 and 50 uL of a 5.0
mg/mL stock solution to the standard turbidimetric assay.
Degradation Product Analysis
Analysis of polyester degradation products was conducted on a
Shimadzu LC-6A HPLC with SPD-6A UV-Vis detector (D2 lamp) @ 210 nm.
A Biorad HPX-87H column was used with 5.0 mM H2SO4 mobile phase at
a 0.5 mL/min flow rate. The degradation products obtained from
titristat and time course substrate hydrolysis were frozen in liquid
nitrogen and stored at -20 °C until analysis. Reference materials were
used to determine the assignment of the oligomeric degradation
products. Mixed 3-hydroxybutyrate monomer and oligomeric standards
(3HB n-H where n= 1- 4 ) were obtained from [R]-3-hydroxybutyric acid
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(Aldrich Chemical Co.) Purified samples of 3HB monomer, dimer, tnmer
and tetramer were used to calibrate the HPLC detector response for the
calculation of degradation product concentrations. Dilutions of 250
ug/mL, 125 ug/mL, 75 ug/mL, and 37.5 ug/mL oligomer concentration
were used for the calibration curves. Linear oligomer HPLC retention
times were as follows (in minutes): 3HB monomer, 15.1; 3HB dimer, 18.2;
3HB trimer, 22.5; 3HB tetramer, 26.7; 3HV monomer, 18.7; and 3HV
dimer, 27.9.
Results
Isolation and Purification of A. faecalis PHBase
E. coli JM109 incorporating plasmid pUC8 was used for the
intracellular overproduction of the PHB depolymerase from Alcaligenes
faecalis. The purification of the depolymerase followed procedures
previously described, 28 and no turbidimetric depolymerase activity was
observed until the enzyme was purified by hydrophobic interaction
chromatography (Butyl-Toyopearl M-650). Fractions with high activity
were collected and dialyzed into a 10 mM Tris-HCL buffer solution. The
SDS-PAGE analysis of the purified enzyme preparation showed a major
protein band corresponding to the 55 kDa molecular weight reported. A
second protein band also appeared by coomasie blue staining, indicating
that the protein preparation was not homogeneous, although it was
relatively free of extraneous proteins. No tests were conducted to verify
that a dimer hydrolase was not present, because it was assumed that the
pUC8 plasmid did not contain PHB dimerase activity. The A. faecalis PHB
depolymerase preparation was found to contain 1300 AU/mL as
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measured by turbidimetry at 37°C, and was used as a partially purified
preparation.
PHB depolymerase from A. fumigatus was produced and purified
according to methods described previously. 8 The purified fungal PHB
depolymerase preparation, which was applied to the enzymatic
hydrolysis of PHB analogs, had a protein concentration of 20 ug/mL and
3,400 AU/mL (at 45°C).
Oligolide Hydrolysis
The synthesis and purification of cyclic analogs of PHB and PHV
have been described in several publications by Seebach, et a/. 31 " 33 The
synthetic procedure to obtain oligolides consisted of the
depolymerization of PHB catalyzed by p-toluenesulfonic acid
monohydrate (TsOH«H20) in a refluxing solution of toluene and 1,4-
dichloroethane (1:4 ratio) at 100°C for 20 hours. Oligolides with ring
sizes of 5 to 10 monomer units could be synthesized in greater yields by
dicyclohexlycarbodiimide (DCC) lactonization of [R]-3-hydroxybutyrate
or [R]-3-hydroxyvalerate in CCI4 at 0°C.32 High performance liquid
chromatography was used to isolate individual macrocycles from the
reaction mixture. The purified 3HB and 3HV oligolides were
characterized by ! H NMR, 13C NMR, and x-ray crystallography of single
crystals. 3 1
These fascinating structures have been previously used in studies
on the occurrence of PHB in eukaryotic organisms and their role in
membrane transport of cations. 34 - 35 [R]-3-Hydroxyalkanoate cyclic
oligomers were appropriate substrates with which to study PHB
depolymerase hydrolytic action. Oligolide structures 1-5 and 7- 14 ar
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shown below in which n= 3- 10, in the [R]-3HB and [R]-3HV triolide to
decamer samples, respectively.
CH 3 0
I II
CHCH 2C0
CH 3 o
I II
1—CHCH2C0+-
=3-8
C 2H 5 0
I II
CHCH 2C 0
[R]-3-HB Oligolide (1-5) PHB (6)
J
Lt1lt1 L U~-7
/ L Vn=3-10
[R]-3-HV Oligolide (7-14)
PHB depolymerase activity can be observed with great sensitivity
using the titristatic method. 27 The titration of ester hydrolysis by a
known concentration of base can quantitatively determine the carboxylic
acid functional groups produced. Initial degradation experiments with
3HB pentalide and fungal PHB depolymerase were conducted at 45°C.
The 3HB pentalide hydrolysis appeared to be nearly instantaneous,
because the pH of the reaction mixtures could not be controlled by the
addition of base, and the reaction reached completion within 2 minutes.
The rate of enzyme-catalyzed hydrolysis decreased with a reduction in
reaction temperature, so, in a departure from standard fungal enzyme
activity assay temperatures of 45°C, all subsequent studies on the
hydrolysis of oligolides and oligomers was conducted at 30°C. At this
temperature chemical hydrolysis (without enzyme) was found to be
negligible.
The 3HB and 3HV oligolides larger in size than triolide (n> 3) were
essentially insoluble in water, and titrimetry of powder samples gave
hydrolysis rates that were difficult to reproduce. To create more
reproducible surfaces of the substrate, the reaction vial interior was
coated with the substrate, cast from a solution in methylene chloride, to
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form films with a surface area of approximately 7.4 cm2 . Following this
refinement of the technique, the enzymatic hydrolysis of oligolides was
readily characterized.
3HB oligolide degradation by A. fumigatus PHB depolymerase was
titrated with 10 mM NaOH to maintain a pH of 8.0 and conducted in
triplicate. The chemical hydrolysis of the oligolides under identical
conditions (without enzyme) was found to be negligible. The method of
applying the sample as a coating inside the reaction vial provided
uniform substrate surface areas and good reproducibility of the
titrimetric reaction rates. Figure 5.1 shows the titration curves for the
enzymatic degradation of [R]-3HB oligolides by A. fumigatus PHB
depolymerase over the course of the experiment. The initial degradation
rates are also shown in detail in Figure 5.2. Oligolide hydrolysis rates
(V 0 ) were determined from the titration curves during the first 10
minutes of the reaction. Titrimetric degradation rates of all other
samples were determined in an identical fashion.
[R]-3HB and [R]-3HV oligolide hydrolysis rates obtained with A.
fumigatus PHB depolymerase are summarized in Figure 5.3. Oligolides
larger than triolide (n> 3) were hydrolyzed by the fungal depolymerase,
but the triolide was not. The 3HB and 3HV tetralides (n= 4) were
degraded most rapidly by the fungal PHB depolymerase, while oligolides
with n> 4 were hydrolyzed at significantly lower, and approximately
equivalent rates. In comparison, the PHB powder was hydrolyzed by the
fungal PHB depolymerase at much lower reaction rates at 30°C. 3HB
oligolide samples were hydrolyzed at rates of 35 to 70 times faster
than
those observed for PHB under identical conditions. The PHB
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depolymerase was also 4 to 31 times more active with the 3HV oligolides
than with PHB at 30°C (Table 5.1).
Generally, 3HB oligolides were hydrolyzed by the A. fumigatus PHB
depolymerase at rates 2 to 4 times faster than the rate of their 3HV
counterpart. Similar observations have shown that the A. fumigatus PHB
depolymerase degraded PHB at twice the rate of PHV as determined
through polyester film weight loss studies. 36 Thus, the differences in 3HB
and 3HV oligolide degradation rates may reflect the unfavorable nature
of 3HV unit side chain steric interactions with the depolymerase.
A. faecalis PHB depolymerase displayed an analogous hydrolytic
activity towards the [R]-3HB and [R]-3HV oligolides (See Figure 5.4). The
reaction conditions (pH 8.0, 30°C) were the same as those used for the
fungal depolymerase in order to enable comparisons without having
experimental conditions as a factor. The bacterial PHB depolymerase
hydrolyzed 3HB and 3HV oligolides in which n> 3. Neither 3HB and 3HV
triolide was hydrolyzed by the A. faecalis PHBase.
The number of repeating units per ring above 3 did not greatly
affect bacterial PHBase oligolide hydrolysis rates, as shown in Figure 5.4.
Although 3HB tetralide was hydrolyzed most rapidly, 3HB pentalide and
hexalide samples were degraded at closely similar rates. These results are
in agreement with the previous observation of the kinetic independence
of Km and Vmax on the size of linear [R]-3HB oligomers that are larger
than the tetramer. 28 A. faecalis PHB depolymerase exhibited poor
hydrolytic activity towards the 3HV oligolides, which is similar to its
inactivity toward PHV. 18 Although fewer oligolide samples were
ned with bacterial PHB depolymerase, the results suggest that en doexami
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chain cleavage may be a general feature in the hydrolysis of PHB by
depolymerases from diverse microbial origins.
Comparison of Oligolide Degradation hv A. fumigatus & A. faecalis
PHBase
The oligolide hydrolysis rates observed for A. faecalis and A.
fumigatus PHB depolymerases were compared using "relative
reactivities". Relative reactivity is defined as the percent of the enzyme
activity in comparison to the titrimetric hydrolysis rate of PHB (see
Tables 5.1 and 5.2). With the exception of HB tetralide, the two enzymes
appeared to have similar hydrolase activity towards the higher HB
oligolide structures.
Large differences in oligolide degradation and PHB hydrolysis rates
were observed for both fungal and bacterial PHB depolymerases. The
cause for the difference of one order of magnitude between oligomeric
and polymeric degradation rates was not clear. PHB chains have been
shown to crystallize in antiparallel 2\ helixes that exit and re-enter the
lamella with short surface loops. 37,38 In contrast, in the crystalline state
oligolide molecules assemble as columns in a C2 small molecule lattice
packing arrangement, constricted by the decreased degree of freedom
resulting from cyclization. 3
1
The dramatic conformational differences
between crystalline PHB polymer chains and oligolide rings suggest that
hydrolysis rates may be significantly affected by sample conformation as
well as molecular weight.
While not surprising, because of their chemical similarity to PHB,
the susceptibility of [R]-3-hydroxyalkanoate oligolides to hydrolysis by
PHB depolymerase suggest common enzyme interactions with both lineai
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and macrocyclic substrate configurations. These results provide evidence
that purified PHB depolymerases may initiate substrate degradation in
an endo hydrolytic mode of action and that activity is not dependent
on available chain ends.
Oligolide Degradation Product Analysis
Reverse phase liquid chromatography was used to the identify the
soluble degradation products formed during enzymatic hydrolysis of 3HB
and 3HV oligolides. Products were identified by the use of 3-
hydroxybutyric acid (3HB), dimer, trimer and tetramer reference
standards. [R]-3HB oligolides were degraded to monomer and dimer in
ratios (corrected for molar absorptivity) of approximately 2 units
monomer to 1 unit dimer (M/D), as shown in Figure 5.5a. In contrast,
PHB samples were found to degrade predominantly to monomer with a
M/D ratio of 6/1.
3HV oligolide samples larger than triolide were hydrolyzed
principally to 3HV dimer products as shown in Figure 5.5b. The ratio of
3HV monomeric and dimeric products found suggests that the greater
substituent group steric interactions in 3HV, which interfere with the
enzyme active site may influence the preferential release of dimeric
products. PHV was degraded to monomer and dimer products in a ratio
of 7/1 (M/D). Again, degradation product distributions observed for 3HV
oligolides and PHV show a strong dependence on the substrate
conformation. These results show that there are distinct differences in
the enzymatic mode of degradation towards oligolide and polymeric
substrates.
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Degradation Product Distribution Changes at Low Temperature
The effect of storage at -20°C on the degradation product
distributions was determined. Several fractions (0.5 mL) of final
degradation products (t= 130 min.) obtained from linear 3HB octamer
and cyclic 3HB hexalide in time course experiments were frozen in liquid
nitrogen and stored at -20°C, then analyzed at time periods of 0, 14, 21,
and 35 days.
Under such cryogenic conditions it was found that the A
.
fumigatus PHB depolymerase slowly catalyzed the hydrolysis of the
dimer to the monomer affecting the ratios of M/D observed after several
weeks (see Figure 5.6). Samples stored without enzyme showed no
changes over extend periods of storage (3 months). Microphase
separation of enzyme and organic materials at -20°C, combined with
altered enzyme reactivity are believed to be responsible for the
cryocatalaytic activity of hydrolase enzymes. 39
Corrections were made in the amounts of 3HV degradation
products obtained by A fumigatus hydrolysis based on degradation
products from pentalide and hexalide in samples analyzed immediately
after degradation. 3HB oligolide degradation products were determined
with newly hydrolyzed samples, within five days of degradation.
Linear Octamer Degradation
The degradation of linear 3HB octamers was proposed as a method
to investigate the origin of stereochemical specificity of PHB
depolymerases. 33 A series of linear isotactic octamers of [R] and [S] 3HB
were synthesized with different stereochemical compositions and were
characterized by 13C and ! H NMR, IR, optical rotation, mass
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spectroscopy, melting point, and elemental analysis.40 The [S] segments
were between 0 and 4 [S]-3HB units long. The linear octamers with
structures 15-23 (S1R7 to R7S1) shown on the following page, had the
[S]-3HB block either at the hydroxy terminus (S1R7 -S4R4), or at the
carboxy terminus (R4S4 - R7S1).
The samples degraded had benzyl ether and t-butoxyester
protecting groups attached at the terminal positions of the octamer. The
rate of PHB depolymerase degradation was found to be most strongly
influenced by the [R] enantiomeric composition as seen in Figure 5.7.
Hydrolysis rates for the linear octamers decreased with increasingly
longer undegradable [S] unit sequences, as found for the cases of S4R4,
with a hydroxy terminus [S] segment, and R4S4, with a carboxy terminus
[S] segment, which were the slowest to degrade. Linear octamer samples
23, 24, (without [S] units) with protecting groups, and 25 without
protecting groups, are shown for comparison of degradation rates of the
3HB octamers (Figure 5.8). Interestingly, cyclic 3HB octalide was the most
rapidly degraded of the octameric compounds. This result may be a
consequence of the different crystalline morphologies and molecular
conformations of linear and cyclic octamers, whose effects on enzymatic
degradation are not well understood. The protected octamers which had
one or more S units were viscous fluids, that did not readily crystallize
on the surface of the reaction vial, which further complicated the
interpretation of octamer hydrolysis rates based on sample morphology.
Enzymatic hydrolysis of the stereoblock octamers was not
deleteriously affected by the presence of the protecting groups, in
agreement with similar qualitative observations previously reported.
The degradation of a t-butyldimethylsily ether and benzyl ester
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protected octamer (t-BDMSi-0-R8-COO-Bz) (24), is shown in Figures 5.8
and 5.9 in comparison to the other protected and deprotected octamers.
Protecting groups influenced the rate of degradation but did not effect
sample susceptibility to enzymatic hydrolysis.
Comparisons between samples with equal [S]-3HB contents showed
that greater rates of hydrolysis occurred when octamers were substituted
with [S] segments at the carboxy terminus. However, the position of [S]-
3HB segments at either carboxy or hydroxy octamer terminus did not
have a clear influence on the degradation rate. The enzymatic
degradation rates of the stereoblock octamers may also reflect the effects
of the t-butoxy and benzyl protecting groups at hydroxy and carboxyl
termini, respectively. Segments of [S]-3HB esters were apparently not
hydrolyzed by the PHB depolymerase. The rate and extent of octamer
degradation was closely dependent on the [R]-stereoblock content, which
is further evidence of the known [R] enantiospecific PHB depolymerase
activity. Results of the enzymatic degradation of the [R,S]-stereoblock
octamers showed that the PHB depolymerase can attack short segments
of [R]-3HB, as small as 4 units long, regardless of the availability of free
chain ends.
The results of the linear octamer degradation experiments
provided little additional information for interpretation of PHB
depolymerase action. Conceptually, however they suggested the use of
further comparative studies between cyclic and linear 3HB oligomers to
ascertain degradation behavior. Two types of investigations were
undertaken. First, the titrimetric rates of linear [R]-3HB dimer, trimer,
tetramer, and octamer enzymatic hydrolysis were determined.
Cyclic
and linear 3HB oligomer enzymatic hydrolysis reactions were then also
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compared on the basis of degradation product formation and
distributions as a function of time.
Kinetics of Linear Oligomer Hydrolysis
The enzymatic hydrolysis of linear [R]-3HB oligomers was
investigated by the titristatic assay using procedures similar to those for
the oligolides. Samples of dimer, trimer, and tetramer (1 mg) were
soluble in deionized water when brought to pH 8.0 by careful titration of
the carboxylic acid end groups with 50 mM NaOH. Linear octamer
samples were insoluble, and instead were coated on the interior of the
glass vial with an approximate surface area of 7.4 cm2 .
The results of studies on the kinetics of linear 3HB oligomer
hydrolysis are shown in Figure 5.9. Dimeric 3-HB was not hydrolyzed by
the A. fumigatus PHBase. 3HB oligomers larger than dimer, such as 3HB
trimer, tetramer and octamer were found to be rapidly hydrolyzed by
the PHB depolymerase. Thus, both monomeric and dimeric 3HB are the
ultimate products of A. fumigatus PHB depolymerase hydrolytic activity.
Although the cyclic 3HB triolide was inert to PHB depolymerase
hydrolysis, the linear trimer was readily hydrolyzed, which
demonstrated the apparent influence of conformation on oligolide
degradation behavior. In contrast, 3HB-tetramer was hydrolyzed by the
fungal PHB depolymerase at the same rate as for the tetralide. Figure
5.10a shows titration curves of linear tetramer and cyclic tetralide at a
3.0 mg/2 mL, in which the samples exhibited identical initial rates, even
at higher substrate concentrations. As the reactions reached
completion,
the linear tetramer samples consumed smaller quantities of NaOH titran
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per mg sample, an expected result due to the smaller number of ester
bonds per molecule (See Figure 5.10b).
Fungal PHBase hydrolyzed the linear 3HB octamer more slowly
than linear 3HB trimer and tetramer samples, as well as the cyclic 3HB
octamer. For comparison to PHB, both melt quenched (amorphous) and
crystalline PHB film degradation rates are included in Figure 5.9.
Amorphous PHB was hydrolyzed at 0.05 umol NaOH/min., which is an
order of magnitude less than that of the water soluble tetramer,
although within a factor of 3.5 of the insoluble linear octamer.
Crystalline PHB degraded much more slowly (0.01 umol/min.) than
linear oligomeric HB samples at 30°C. These results indicate that the
rates of 3HB oligomer and PHB hydrolysis were influenced by sample
morphology and conformation, more than simply the substrate
molecular weight.
No correlation between the hydrolysis rates of cyclic and linear
3HB oligomers was found. Despite this, the V0 values of linear and cyclic
3HB oligomer suggest that the results from the tetrameric (n= 4) 3HB
structures favorably compliment the catalytic features of the A.
fumigatus PHB depolymerase. Both linear and cyclic tetramer samples
degraded with the highest initial hydrolysis rates, indicating that the
fungal PHB depolymerase catalytic domain may contain 4 subsites which
interact with polymer/oligomer chain units.
Time-course Degradation Product Formation
The time-course of hydrolysis product formation was investigated
to gain a better understanding of depolymerase hydrolytic activity
towards oligomeric and polymeric 3HB substrates. PHB, [R]-3HB linear
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tetramer, [R]-3HB linear octamer, cyclic [R]-3HB tetralide and hexalide
were subjected to hydrolysis at 30 °C by the A. fumigatus PHB
depolymerase. The degradation reactions were sampled at 5 and 10
minute intervals. The fractions removed at each time interval were
frozen in liquid nitrogen to preserve the instantaneous concentrations of
degradation products, and were stored at
-20°C until analysis by reverse
phase HPLC. A calibration curve for oligomer-UV detector response was
used to calculate the concentrations of the degradation products. The
UV-detector response was essentially linear towards the monomer, dimer,
trimer, and tetramer 3HB standards over the concentration range used.
3HB oligomer molar absorptivity was determined from the linear
analysis of the calibration curves.
Degradation product concentrations released during enzymatic
hydrolysis of 3HB-tetralide are shown in Figures 5.11a and 5.11b. The
monomeric and dimeric products were produced in nearly constant
ratios over the course of the reaction and had a final M/D ratio of 2.0/1.
Intermediate hydrolysis products such as linear tetramer were not
observed at all, while only trace amounts of 3HB-trimer were formed
during the course of enzymatic tetralide hydrolysis.
The enzymatic hydrolysis of linear tetramer resulted in a more
dynamic distribution of oligomeric products as shown Figure 5.12.
Significant fractions of 3HB trimer were formed as intermediates in
addition to the rapid formation of monomer and dimer. These results
suggest that the initial attack of the linear tetramer may occur at any of
the three non-equivalent ester bonds. A random process of tetramer
degradation would lead to the initial conversion of a large amount of
tetramer to trimer, followed by trimer hydrolysis to dimer and
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monomer, as previously derived by kinetic simulations.41 The rapid
formation of monomer and dimer products, however, poses a
contradiction to the interpretation of the process as entirely random or
strictly endo-degradative. During the course of tetramer hydrolysis
trimer and tetramer degradation rates were not competitive, because
3HB trimer hydrolysis occurred more slowly and concentrations of both
were observed until reaction completion. Although the rate of ester
hydrolysis (determined by titrimetry) of the tetrameric samples was
nearly identical, the process of linear tetramer hydrolysis appears to
proceed through a different series of degradation steps than that of the
cyclic tetralide, seen clearly in Figure 5.12 and by a final M/D ratio of
1.6/1. The reaction intermediates and degradation product ratios were
dependent on the structure of the cyclic or linear 3HB tetramers.
Analogous studies on linear octamer and cyclic hexalide using A.
fumigatus PHBase provided further evidence of similar structure-
dependent product evolution. As seen in Figure 5.13, the cyclic hexalide
sample was hydrolyzed to monomer and dimer, without formation of
other soluble oligomeric intermediates. Monomer and dimer products
were obtained in a final ratio of 1.9/1 (M/D). In contrast to the cyclic
structures, the linear octamer hydrolysis products contained trimeric
intermediates (see Figure 5.14), even though the reaction proceeded to
completion at a slower rate. The final products of the linear octamer
were found in a ratio of 2.1/1 (M/D). The product formation patterns
from 3HB-hexalide and octamer were similar to, if not as pronounced, as
those for cyclic and linear tetramer hydrolysis.
Hydrolysis product formation over the course of the PHB powder
degradation assay is shown in Figure 5.15. The formation of monomeric,
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as well as a small fraction of 3HB dimeric hydrolysis products was
observed while higher soluble oligomeric products were not detected
during the hydrolysis of PHB by A. fumigatus depolymerase. Enzymatic
PHB degradation appears to proceed through at least a component of exo
mode of action, based on the well defined size of the degradation
products and the rapid production of low molecular weight products.
The hydrolysis product formation behavior observed for the cyclic
and linear oligomers as well as PHB, suggests that PHB depolymerase
action incorporates a component of exo hydrolase activity. That is, PHB
depolymerases posses both endo and exo activity. The schemes of cyclic
and linear tetramer degradation shown in Figure 5.16 are given to clarify
the relationship between enzyme action and the observed products. Two
assumptions were made: 1.) the depolymerase can act either in random
or processive (chain associated) mode of chain cleavage, and 2.) the
enzyme can release an associated dimer without further hydrolysis.
The linear tetramer can be initially hydrolyzed at three non-
equivalent ester bonds, labeled "a", "b", and "c" in Figure 5.16 with
similar probabilities. In the first case shown, bond "a" is cleaved, and
thus initial cleavage of the linear oligomer results in the creation of two
new products that dissociate from the enzyme if strictly random activity
is assumed. In contrast, with exo action as shown below, one chain end
remains preferentially associated to the enzyme (E) after the initial
chain cleavage. Exo hydrolase activity then propagates through the
sequential hydrolyze units from the chain end. The formation of trimer
intermediate products during the reaction would result from cleavage at
c, while two dimeric products would result from initial attack at b.
Because there were 3 possible sites of initial attack on the linear
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tetramer, trimeric intermediates and a greater fraction of dimeric
products could be expected to result from endo and exo enzyme action,
corresponding to that observed experimentally.
A similar process of cyclic tetramer degradation is shown in Figure
5.17 as follows. The important divergence from the linear case is that the
initial cleavage of the ring at any bond (a) results in the same product.
If the enzyme did not remain associated in some way with the newly
created molecule, subsequent enzyme reactions would present the same
case as the linear tetramer and produce the identical product
distribution. It is clear, from the evolution of degradation products from
3HB tetralide samples, that enzyme dissociation after ring cleavage did
not occur because oligomeric intermediates were generally not observed.
As shown in the model, following ring cleavage, the associated substrate
proceeds in sequential or "processive" enzymatic degradation steps to
monomeric and dimeric products.
Linear and cyclic tetramer hydrolysis product formation presented
the most extreme example of the dual action pattern, however, the
hydrolysis of linear octamer and hexalide demonstrated comparable
behavior. The observation of trimeric 3HB products as intermediates
during linear octamer hydrolysis confirmed the suggestion that the
initial enzyme attack may occur at any point along the chain, and that
the product distributions were not dependent on the soluble or insoluble
nature of the substrate. Concentrations of observed trimer intermediate
reflect the smaller probability of such a product being formed out of a
larger number of initially possible cleavages. In the case of the linear
oligomers and PHB, the enzymatic hydrolysis became more processive
(sequential) with increasing molecular weight and greater surface
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hydrophobicity of the substrate. This suggestion is most strongly
confirmed by the high ratios of monomer to dimer products from PHB
degradation, and is also supported at least in part by the strong binding
of PHB depolymerases to the PHB surface.20
Time-course degradation product analysis of cyclic and linear
oligomers further suggested that processive (exo) enzymatic and random
chain degradation by PHB hydrolases occurs simultaneously. Ball and
stick models were helpful to rationalize the differences in linear and
cyclic hydrolysis paths observed. The significance of the hydrolysis
product distributions in relation to exo and endo activity is discussed in
greater detail in the next section. Implicit in such an action pattern is
the retained depolymerase association with a chain end during (a large
part of) the depolymerization process. A mechanism of enzyme-chain
association may also be proposed based on the enzyme-acyl
intermediate of serine hydrolase catalytic action.
Triolide Inhibition
A. fumigatus and A. faecalis PHB depolymerases hydrolyzed cyclic
structures consisting of four or more [R]-3-hydroxybutyrate and [R]-3-
hydroxyvalerate units. 3HB and 3HV triolides, however, were not
hydrolyzed by either fungal or bacterial PHBase. Although this
observation was not surprising, and can be rationalized on the basis of
the small oligolide ring size, it was not clear whether triolides even
interacted with the depolymerases to any extent. It was subsequently
observed, however, that 3HB triolide inhibited A. faecalis and A.
fumigatus PHB depolymerase activity, so the inhibitor-enzyme
interactions were further investigated.
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Titrimetric PHB degradation rates were determined as a function of
PHB and triolide concentrations with A. fumigatus PHB depolymerase. A
double reciprocal analysis of the initial velocities and substrate shown in
Figure 5.18 reveals that triolide PHB depolymerase inhibition behavior
was uncompetitive. According to this model of inhibition, the PHB
depolymerase is reversibly inhibited after the formation of the enzyme-
substrate complex. An adaptation of the PHBase kinetic model developed
by Timmins, et al. 16 to such interactions is shown below.
[E 0 ] + [S 0 ] [E.S] + [S] -^-^ [E.S] + [P]
inhib
+ [i]
[I.E.SJ
A. fumigatus PHB depolymerase adsorption to the surface of PHB
was unaffected by the presence of triolide, as previously determined
through enzyme binding studies. 20 Thus, triolide inhibition did not
occur at the binding domain of the depolymerase. These results agree
with the kinetic inhibition of PHBase after enzyme-polymer adsorption,
shown as the formation of the E«S complex. Triolide structures may act
as reversible inhibitors with the PHB depolymerase catalytic domain.
Further evidence that the PHBase active site was involved in
triolide inhibition could be observed using the turbidimetric PHB
depolymerase assay at 45°C. Both 3HB and 3HV triolides were found to
inhibit the fungal PHB depolymerase, with or without prior incubation
with the enzyme. The inhibition behavior of 3HB and 3HV structures
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appeared to be similar, although low aqueous solubility of the 3HV
triolide did not allow a precise quantification.
0 0
0
[R,R,R]-3-Hydroxybutyrate
Triolide (1)
[R,R,S]-3-Hydroxybutyrate
Triolide (26)
The comparison of the effect of [R,R,R]-3HB triolide and [R,R,S]-3HB
triolide on A. fumigatus PHB depolymerase activity is shown in Figure
5.19. The effect of stereochemistry on triolide inhibition is clearly seen.
The [R,R,S] triolide was only 1/5 as effective as [R,R,R]-3HB triolide in
inhibiting depolymerase activity at 50 ug/mL and 250 ug/mL triolide
concentrations. The stereochemical dependence of triolide inhibition
reflects the known specificity of the PHB hydrolases towards the [R]
configuration. The enzymatic enantiomeric preference is generally
determined by the features of the active site structures. A. faecalis
PHBase was similarly inhibited by the presence of [R,R,R]-3HB triolide.
Triolide concentrations of 50 ug/mL and 250 ug/mL inhibited 88% and
98% (respectively) of the original bacterial PHBase activity. Thus, without
being hydrolyzed, 3HB triolides were able to inhibit PHB depolymerases
through reversible binding at the enzyme active site.
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Discussion
Investigations of the mechanisms of enzymatic PHB degradation
are greatly complicated by the heterogeneous nature of the reaction. The
use of linear oligomers to study PHB depolymerase catalytic features has
been previously reported. Interpretations of the results appear to be
contradictory and do not provide unambiguous evidence to support the
currently accepted model of PHB depolymerase chain cleavage. 26 ' 29 As a
consequence, speculation still pervades the understanding of polyester
biodegradation processes which are catalyzed by PHB depolymerases.42,43
The enzymatic degradation of cyclic and linear PHB analogs was used to
investigate the catalytic interactions of PHB depolymerases with
substrates which had defined polymeric and oligomeric structures, in
order to address the ambiguities of previous studies.
Collectively, the results from PHB depolymerase interaction with
linear and cyclic PHB analogs provide evidence for a more rigorous
interpretation of the mechanism of PHB hydrolase polymer degradation.
The enzymatic hydrolysis of cyclic 3HB and 3HV oligolides by PHB
depolymerases unambiguously establishes that the enzymes do not
require a free chain end for the degradation of insoluble substrates.
Similarly, linear octamers with protecting groups at chain termini were
also degraded at rates that reflected their stereochemical composition.
The activity of PHB depolymerases thus includes endo hydrolytic chain
cleavage action.
The mechanism of random enzymatic action was, however, not
adequate to describe the PHB depolymerase behavior observed
experimentally. First, a number of general observations regarding PHB
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depolymerases do not fit with the strict definition of endo activity
including the following: (1) PHB depolymerases appear to hydrolyze both
insoluble amorphous and crystalline substrates, albeit at different rates,
and (2) soluble PHB degradation products are rapidly produced, and for
most PHB depolymerases, consist entirely of monomeric and dimeric 3HB
units. 6 These aspects of PHB depolymerase action correspond to an exo
mode of chain cleavage. Degradation product ratios vary from enzyme
to enzyme6
,
but nevertheless are consistent with exo depolymerase
activity.
A mathematical model was developed and used to describe the
degradation product ratios that would occur through statistically
random hydrolysis of oligomers. Combinatorial mathematics were
applied in a recursive fashion to describe average ratios of monomer to
dimer final products as a function of oligomer size of N units. Its basic
tenets are listed as follow:
1.) The cleavage action at any given bond results in two new chains. The
products have the same probability of reaction until N= 1 or N= 2
(monomer and dimer respectively) end products are reached.
2. ) Each path used to reach an end state of cleavage products (M/D) has
a specific probability associated with it.
3. ) For a given end state of monomer and dimer products formed, it is
possible to realize this state through more than one path.
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4. ) All paths to the possible end states (M/D) for a given N do not consist
of the same number of degradation steps, and therefore do not have the
same probability of occurring.
5. ) Relationships between possible end states and the average end state
can be defined using combinatorics in a recursive manner.
The following algorithm was used to determine the average
number of dimers (D) formed for a oligomer of N monomer units. D, is
the average number of dimers formed from the two subchains which
result from the cleavage of the i th bond. P; represents the probability of
breaking a given bond, but does not depend on which bond is broken.
Thus the probability of breaking any given bond (P;) of N oligomer units
is 1/(N-1). Equation (1) shows summation of the probabilities of forming
D average number of dimers.
D = I D, P, (1)
Equation (2) is the specific algorithm used to describe the random bond
breaking process, where I is now the bond being broken at a given
degradation step. Since it is obvious that D(l)= 0, and D(2)= 1, where
the initial oligomer is monomer and dimer respectively, we can
determine the average number of dimers produced for a given chain
length N> 2.
N-1
D(N) = (1/ N-1) X (D(I) + D(N-I)}
1=1 (2)
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N-1
D(N) = (2/ N-1) X D(I)
1=1 (3)
D(N) => N
3
* (4)
Equation (3) is reduction a of equation (2) by the symmetry of the
random oligomer cleavage process, while the relationship between D and
N in equation (4) was determined by recursive computer calculations for
any oligomer N units large. The simplification of this result allowed
calculation of the average number of dimer units (D) formed for an
initial oligomer of N units.
N = M + 2(D) => -M. = N^iD
D D (5 )
Equation (5) simply relates the average number of dimers and average
number of monomers to the initial chain length, and can also be proven
by induction (see Addendum). The total number of units of both
monomers and dimers formed must be the sum of all units of the
oligomer initially present (N). The average number of monomers (M)
produced by random cleavage is easily determined, and the expression of
the average monomer to dimer ratio M/D follows. From this calculation,
it is apparent that the monomer to dimer ratio produced by random
cleavage reactions is 1 to 1 for any chain length of N.
Observed monomer to dimer (M/D) ratios, shown in Table 5.3,
illustrated the extent to which PHB depolymerase behavior deviated from
that of a random degradation process. Typically observed ratios of M/D
were between 1.5/1 and 2.4 for linear and cyclic HB oligomers. The linear
3HB trimer was found to be hydrolyzed to a 1.4/1 M/D product ratio,
despite the fact that 3HB dimer was found not to be hydrolyzed by the
A. fumigatus PHB depolymerase, indicating that some form of retained
substrate association to the enzyme promoted further hydrolysis of the
trimer. PHB was hydrolyzed to products with a 6/1 M/D ratio. The
distributions of hydrolysis products are clearly non-statistical and
product ratios of monomer/dimer are not 1/1. Non-random hydrolysis
product distributions thus imply exo enzyme action. In the case of the
3HV oligolides, where a larger proportion of 3HV dimer products were
observed, ratios of M/D were less than one, also indicating non-random
hydrolysis product formation. Processive (exo) depolymerase action
apparently promoted the preferential formation of dimeric 3HV
products. PHB depolymerases show a greater degree of processive chain
cleavage on polymeric substrates, as seen by the greater deviation of PHB
and PHV degradation products from the statistically predicted ratios.
The evidence of exo depolymerase action has always carried with it
the question of how the enzyme remains associated to the polymer chain
end. Although it has not been previously acknowledged as potentially
important in determining enzyme mode of action, the serine esterase
mechanism may play a role in chain end- enzyme interactions. PHB
depolymerases have been determined generally to be members of the
serine esterase family. Primary sequence analysis of several PHB
depolymerases from prokaryotic and eukaryotic organisms contain a
consensus sequence for a "lipase box" that contains the
catalytic serine
residue. 10 Evidence indicating that A. fumigatus PHB depolymerase
is
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also a serine esterase was previously described. 8 The catalytic
mechanism of serine hydrolases is well known.44 The two step reaction
involves a enzyme acyl intermediate that forms by nucleophilic attack
of the serine on the ester carbonyl. The rate limiting step of both
amidase and esterase catalysis is the hydrolysis of the enzyme acyl
intermediate. The enzyme-acyl intermediate would also be a likely
source of retained enzyme association to a chain end.
It has been long held that the PHB depolymerases degrade
polymeric substrates by a preferential cleavage from the hydroxy
terminus. The evidence supportive of this conclusion was not fully
examined to reveal all possible interpretations. The serine esterase
mechanism according to the free hydroxyl dependent model of
enzymatic attack is shown in Figure 5.20. In this case, the enzyme
cleavage reaction retains an association with the monomeric product to
be released. No retained interactions between the enzyme and chain end,
based on the serine esterase mechanism, are apparent during hydroxy
terminal polymer degradation.
In contrast, a mechanism of PHB depolymerase attack that does
not require any chain end for initial polymer degradation is shown in
Figure 5.21. A proposed process of enzyme (E) adsorption (step 1) where
Er represents surface bound enzyme, initial enzyme attack (step 2),
enzyme acyl intermediate formation (step 3), and subsequent hydrolysis
(step 4) reaction events are based on the serine esterase mechanism. In
this mechanism, the carboxyl terminus of the cleaved polymer chain
remains associated to the enzyme catalytic serine residue until
the
enzyme acyl complex is hydrolyzed. Thus, such a
carboxyl-terminus
enzyme intermediate provides a logical source for
retained enzyme-
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polymer interaction. The interactions of the enzyme once associated to a
such a chain end may proceed with processive monomer or dimer
cleavage steps. This model incorporates both endo and exo depolymerase
behavior, and also applies the known catalytic mechanism of ester
hydrolysis.
The A. faecalis PHB dimerase activity was similarly determined to
degrade oligomers from the carboxy terminus in a strict exo hydrolase
activity pattern. 27 The serine esterase-carboxyl terminal action pattern
proposed is more rigorously consistent in describing the phenomenon of
PHB depolymerase polymer hydrolysis.
A macroscopic description of PHB depolymerase action on the
polymeric substrate readily incorporates the facets of exo and endo
hydrolase activity. In the initial enzyme-polymer interaction, PHB
depolymerase adsorbs to the polymer surface. The binding of A.
fumigatus PHBase to the substrate is facilitated by non-specific,
hydrophobic interactions dependent only on surface area. 20 Once bound
to the polymer surface, the enzyme is thought to initiate hydrolysis by
endo chain cleavage. The first cleavage reaction produces an enzyme-
acyl intermediate through which the new chain end associates to the
active site. Enzymatic hydrolysis may then proceed by processive chain
cleavage of low molecular weight products from the associated chain
end.
Enzyme exo depolymerization may experience obstructions of
further hydrolytic action (crystallinity or chain entanglement), losing
the catalytic association with the chain end. As a result, the
enzyme, cai
either engage another chain by endo action at the binding site, or
dissociate from the surface. PHB depolymerase surface desorption
occurs
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with l/5 th the frequency of enzyme adsorption, as estimated from both
binding and desorption constants. 20 In the event of PHB depolymerase
desorption, the enzyme can adsorb to new surface sites, and repeat this
process. This hypothetical outline of the enzymatic events during PHB
degradation mirrors the pattern of enzyme "multiple attack" on
polymer chains proposed by Robyt and French.45 Such a "multiple
attack" would permit enzyme activity to uniformly cause hydrolysis of a
polymer surface with maximal enzyme/surface area efficiency.
Subsite Models of Triolide Inhibition
The subsite theory was developed by Hiromi46 to describe amylase
catalytic domain interactions with a- 1,4 polysaccharides. Each subsite of
the enzyme catalytic domain interacts with a single repeat unit of the
polymer chain with an individual binding energy. Subsite binding
affinities were shown to affect kinetic behavior of depolymerases towards
substrates of different degrees of polymerization. The subsite theory of
enzyme- polymer interactions effectively described enzyme degradation
products and inhibition behavior by substrate analogous molecules.
Subsite theory may also be applied to the PHB depolymerases.
Kinetic studies have previously determined that A. faecalis PHB
depolymerase has four subsites. 28 A similar number of subsites are
believed to be present in A. fumigatus PHBase, based on the hydrolase
activity towards oligomers and oligolides, that is greatest towards
tetramer and tetralide degradation. A representation of triolide
inhibition of PHB depolymerase based on the subsite theory is in Figure
5.22. The four subsites, which are shown as semicircles in Figure 5.23, are
placed with the catalytic residue between subsites c and d, as suggested
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by the preferential formation of monomeric products by the A
fumigatus depolymerase.
The [R]-3HB triolide was not hydrolyzed, although found capable
of uncompetitive inhibition of PHB depolymerase action. Triolide
binding in the active site thus occurred without placing an ester
proximal to cleavage residues. Inhibition of PHB depolymerases by
triolide is presumed to proceed through the binding of two 3HB units in
the active site, which cause direct obstruction of enzyme- polymer chain
interactions (see Figure 5.24). By using this model, the less effective
[R,R,S]-3HB triolide inhibition of PHBase activity may also be explained.
Assuming that the [S]-3HB unit may not bind in the active site, fewer
cyclic oligomer interactions with subsites are possible. In Figure 5.24, the
triolide is shown with both [R]-3HB units bound to the active site (1),
while (2) and (3) show [R,R,S]-3HB triolide binding patterns that are not
favored by enzyme stereoselectivity, and therefore render the [R,R,S]-3HB
triolide less effective as an inhibitor of PHBase activity.
Conclusions
The mechanisms of bacterial polyester hydrolysis were investigated
using Aspergillus fumigatus and Alcaligenes faecalis PHB depolymerases.
Through the application of cyclic and linear PHB analogs to enzymatic
hydrolysis experiments, a new understanding of PHB depolymerase
substrate degradation was developed. Oligolide hydrolysis by the
bacterial and fungal depolymerases unambiguously establishes that the
PHB hydrolases do not require free hydroxy termini or chain ends for the
initiation of polymer degradation. Degradation product formation
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patterns show that the enzymatic hydrolysis of linear 3HB oligomers and
3HB oligolides proceeded through different cleavage paths. Degradation
product distributions of enzymatic oligomer and polymer hydrolysis
were found to be non-random when compared to statistical cleavage
pattern calculations. This result confirmed that the depolymerases may
processively hydrolyze substrates in an exo mode of activity, in addition
to the endo hydrolytic action demonstrated by oligolide degradation. A
model of the PHB depolymerase action pattern was based on the serine
esterase mechanism and presented a means of retained enzyme- polymer
chain association.
[R,R,R]-3-Hydroxybutyrate triolide, although not hydrolyzed by
either fungal or bacterial depolymerases, was found to inhibit polymer
hydrolysis uncompetitively. [R,R,S]-3-Hydroxybutyrate triolide was found
to be a much less effective reversible PHBase inhibiting agent. The
stereospecific nature of inhibition demonstrated that triolides targeted
the active site, presumably binding in the subsites adjacent to the
catalytic residues.
Both endo and exo modes of depolymerase action were found
incorporated in the action pattern of PHB depolymerases, enzymes which
are uniquely responsible for PHB hydrolysis. This observation contrasts
with the cellulose degradation systems, where several different
degradative enzymes are required to synergistically solubilize the
crystalline substrate. The mechanistic investigation of PHBase activity
developed a detailed understanding of the enzyme systems secreted by
microorganisms to catalyze polyester biodegradation.
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Addendum
An inductive proof of the recursive expression applied to random
enzyme action is given below.
Given that D(l) = 0, D(2) = 1; Prove D(N) =
N-l
(2/ N-l) X D(I)
i=i
N
1.) Prove that D(3) = N/3 = 3/3=1
^ r
D(3) = (2/ 3-1) X D(I) = -2— 0+1
i=l 2 L
= 1
2.) Prove that if D(N) = N/3 then D(N+1) = (N+l)/3
N
D(N+1) = (21 N) X D(I) = -2-
i=i N
N-l
S D(I) + D(N)
i=i
N-l
where N-l D(N) = £ D(I)
2 i=i
D(N+1) = N-l , _2
3 3
_ N + 1
Thus, we have proven (conclusively) that
D(N) = _N
3
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Table 5.1 Rates of enzymatic hydrolysis of [R]-3HB and [R]-3HV
oligolides by A. fumigatus PHB depolymerase.
Oligolide Substrate
#
V 0 x 103
(umol/min)
PHB Relative
Reactivity (%)
3HB triolide 1 0.0 ± 0 0
3HB tetralide 2 561 ± 19 7000
3HB pentalide 3 320 ± 6 4000
3HB hexalide 4 285 ± 11 3600
3HB octalide 5 284 ± 6 3500
PHB 6 8 ± 0.2 100
3HV triolide 7 0.0 ± 0 0
3HV tetralide 8 249 ± 18 3100
3HV pentalide 9 37 ± 1 460
3HV hexalide 10 61 ± 3 760
3HV heptalide 1 1 42 ± 0 520
3HV octalide 12 55 ± 4 680
3HV nonalide 13 54 ± 1 680
3HV decalide 14 59 ± 1 740
a Relative reactivity was calculated as a percent of the enzymatic rate of
PHB hydrolysis.
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Table 5.2 Rates of [R]-3HB and [R]-3HV oligolide hydrolysis by A.
faecalis PHB depolymerase.
Oligolide Substrate
#
V 0 x 103
(umol/min)
PHB Relative
Reactivity (% )a
T Tin * ' n l * i „3nb tnolide l 0.0 0
3HB tetralide 2 399 3600
3HB pentalide 3 273 2480
3HB hexalide 4 369 3350
PHB 6 1
1
100
3HV triolide 7 0.0 0
3HV pentalide 9 6.4 58
3HV hexalide 10 9.6 87
3HV heptalide 1
1
8.4 76
a Relative reactivity was calculated as a percent of the enzymatic rate
PHB hydrolysis.
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Table 5.3 Hydrolysis product distributions from cyclic and linear
[R]-3HB oligomers.
Observed
M/(D
Ratios 0
= 1)
Calculated Ratios0
N a Cyclic Linear M/D D
3 1.4 ± 0.1 1 / 1 1
4 2 0 + 01 16 + 01 1 / 11 1 3 3
5 1.8 ± 0.1 1 / 1 1.67
6 1.9 ± 0.4 1 / 1 2
8 2.0 ± 0.1 2.1 ± 0.2 1 / 1 2.67
PHB 6.0 ± 0.1 1 / 1 26700d
a N = Number of 3HB repeating units; b M = monomeric products ; D =
dimeric products; c M and D were calculated using the relationships
derived in the text; d Based on a Mn of 80,000 g/mol.
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Table 5.4 Hydrolysis rates of linear octamers by A. fumigatus PHB
depolymerase.
Octamer
Composition
Substrate # V 0 x 103
(umol/min)
S1R7
S2R6
S3R5
S4R4
R4S4
R5S3
R6S2
R7S1
R8
15
16
1 7
18
19
20
21
22
23
135 ± 11
75 ± 15
58 ± 11
48 ± 2
58 ± 6
78 ± 8
101 ± 13
130 ± 6
80 ± 9
tBDMSi-R8-Bz 24 32 ± 12
R8 deprotected
R8 octalide
25 135 ± 19
284 ± 6
PHB 8 ± 0.2
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Figure 5.1 Hydrolysis of [R]-3-hydroxybutyrate oligolides catalyzed
by A. fumigatus PHB depolymerase. 3HB Oligolides: triolide
(), tetralide (), pentalide (O), hexalide (A), and
octalide ().
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Figure 5.2 Initial rates of 3HB oligolide hydrolysis by A. fumigatus
PHB depolymerase observed titristatically. 3HB Oligolides:
triolide (), tetralide (), pentalide (O), hexalide (A), and
octalide ().
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Figure 5.3 Hydrolysis rates for 3HB and 3HV oligolides catalyzed by A.
fumigatus PHB depolymerase.
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Figure 5.4 Cyclic 3HB and 3HV oligolide hydrolysis rates with A. faecalis
PHB depolymerase.
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Figure 5.5 3HB oligolide and 3HV oligolide hydrolysis products (%)
with A. fumigatus PHB depolymerase. (A) 3HB and (B) 3HV
oligomers were: monomer (), and dimer (O).
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Figure 5.6 Changes in the hydrolysis product distributions of
samples stored at -20°C with A. fumigatus PHB
depolymerase. Degradation products of two similar
samples (A and B) are shown: A.) 3HB monomer (), 3HB
dimer (), B.) 3HB monomer (T), 3HB dimer (A).
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Figure 5.7 Hydrolysis rates of linear 3HB octamers with different
enantiomeric compositions by A. fumigatus PHB
depolymerase.
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Figure 5.8 Enzymatic hydrolysis of 3HB octamers by A. fumigatus PHB
depolymerase. Samples; cyclic [R]-3HB octalide (), linear
[R]-3HB octamer (), linear BzO-[R]8-COOtBu (), linear t
BDMSiO-[R]8-COOBz (O), bacterial PHB ().
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Figure 5.9 Linear 3HB oligomer hydrolysis rates obtained with A.
fumigatus PHB depolymerase.
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Figure 5.10 Titration of cyclic and linear tetramer hydrolysis catalyzed
by A. fumigatus PHB depolymerase. (A) Initial rates of
hydrolysis and (B) longer reaction times for: 3HB tetramer
(O), and 3HB tetralide ().
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5.11 Hydrolysis products from [R]-3HB tetralide catalyzed by
A. fumigatus PHB depolymerase. (A) Complete reactions,
and (B) initial hydrolysis product formation for: 3HB
monomer (), dimer (), trimer (O), and tetramer (A).
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Figure 5.12 Hydrolysis products from [R]-3HB tetramer catalyzed by
A. fumigatus PHB depolymerase. (A) Complete reactions,
and (B) initial hydrolysis product formation for: 3HB
monomer (), dimer (), trimer (O), and tetramer (A).
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Figure 5.13 Products from 3HB hexalide hydrolysis catalyzed by
A. fumigatus PHB depolymerase. 3HB products:
monomer (), dimer (), trimer (O), and tetramer (A).
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Figure 5.14 Products from linear 3HB octamer hydrolysis catalyzed by
A. fumigatus PHB depolymerase. 3HB products:
monomer (), dimer (), trimer (O), and tetramer (A).
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Figure 5.15 PHB degradation product
using A. fumigatus PHB
products: 3HB monomer
formation as a function of time
depolymerase. Degradation
(), and dimer ().
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Figure 5.16 Enzymatic cleavage paths of linear tetramer.
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Figure 5.17 Enzymatic cleavage pathway of cyclic tetramer
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Figure 5.18 Lineweaver-Burke double reciprocal analysis of triolide
inhibition of A. fumigatus PHB depolymerase activity. [R]-
3HB triolide concentrations (ug/mL): 0.0 (), 2.5 (), 25 (),
50 (T), 125 (), 250 (O).
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3HB Inhibitor
Figure 5.19 Turbidimetric rates of enzymatic PHB degradation
influenced by 3HB-triolide inhibitors. Inhibition (% Activity
remaining) with: [R,R,R]-3HB triolide, [R,R,S]-3HB triolide,
[RJ-3HB dimer ([RJ-HB2), and without oligomeric additive
(Std. Assay).
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Figure 5.20 Serine esterase model of hydroxy terminal attack. E is
free enzyme, Eb is enzyme adsorbed to surface and P is the
polymer chain.
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Figure 5.21 Serine esterase mechanism of PHB depolymerase attack on a
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surface, and P is the polymer chain.
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Figure 5.22 A model of triolide binding in the PHB depolymerase active
site.
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Figure 5 23 A model of [R,R,S]-3HB triolide inhibition of PHBase activity.
Open circles designate the [S]-3-hydroxybutyrate unit, while
filled circles designate the [R]-3-hydroxybutyrate unit.
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CHAPTER 6
THE GROWTH OF Aspergillus fumigatus ON
POLY(e-CAPROLACTONE) AND THE SECRETION OF A
PCL HYDROLASE
Introduction
Synthetic polymers are considered to be xenobiotic materials due
to their environmental recalcitrance to biodegradation. As a class of
polymeric materials, aliphatic polyesters appear to be uniquely
differentiated from other synthetic high polymers by their rapid
degradation in microbially active environments.
Investigations by Darby and Kaplan in 1968 first showed that
polyesters were readily biodegradable synthetic materials. 1 Aliphatic
polyesters such as poly(ethylene adipate) (PEA), poly(trimethylene
adipate) (PTA), and poly(butylene adipate) (PBA) supported the dense
mycelial growth of A. niger, A flavus, A. versicolor, P. funiculosum, P.
pullulans, and C. globosum. In addition to these condensation polyesters
synthesized from a large variety of diol and diacid components, poly(e-
caprolactone) (PCL) was also found to be degraded by fungi.
Susceptibility to microbial degradation processes was influenced by the
polyester hydrocarbon content and molecular weight.
2
'
3 Investigations
on PCL film biodegradation by electron microscopy also demonstrated
that polymer surface area and morphology affected enzymatic erosion
rates by microorganisms.
4 " 7 Thus, for synthetic aliphatic polyesters,
biodegradation was established as a broad phenomenon that could
be
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well controlled by variations in polymer structures, because the ester
bond in such polymers is readily susceptible to microbially-catalyzed
cleavage and the products can undergo mineralization.
A recent interest in PCL and poly(tetramethylene succinate)
(PTMS) has recognized the critical importance of measuring the
degradation of polyesters in natural environments to determine their
"biodegradability". PCL and chain extended PTMS, pol ipate) (PTMS/A),
and poly(ethylene succinate) (PES), all of which are produced by Showa
High Polymer Ltd. in Japan under the tradename "Bionolle™" (see
structures below), are degraded in activated sludge, soil, and compost
environments. Diverse consortia of microorganisms in aerobic and
anaerobic ecosystems were found to participate in polyester
biodegradation. 8 " 10 Although the ecosystems differed in their capacity
for the degradation of specific materials, the environmental degradation
of polyesters indicates that there are a wide variety of prokaryotic and
eukaryotic microorganisms which are capable of catalyzing the
biodegradation processes.
The commercialization of poly(tetramethylene succinate) (PTMS)
stimulated the investigation of the microbial processes through which
synthetic polyesters biodegrade. A study of soil samples found five
isolates, primarily molds, and an actinomycete capable of utilizing PTMS
in liquid culture. 11 The cell-free culture supernatant, obtained from
actinomycete growth on PTMS as sole carbon source, contained hydrolase
activity towards PHB and PCL, in addition to PTMS. Another recent
investigation also determined that the filamentous fungi Paecilomyces
lilacinus secreted both PCL and poly(p-hydroxybutyrate) (PHB)
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hydrolases simultaneously when grown on either polymer as substrate.
Oda, et al. observed that the activities towards PCL and PHB depended
on the polyester used as sole carbon source to stimulate growth, and
suggested that PHB depolymerase and PCL hydydrolase activities were
different enzymes. 12 The broad microbial activity towards polyester
biodegradation suggests that synthetic polyesters can be degraded by the
concerted action of several types of hydrolytic enzymes.
Studies investigated a wide variety of fungal and bacterial esterases
and their activity towards aliphatic polyesters. 13 - 14 Lipase preparations
from 16 prokaryotic and eukaryotic organisms had broad in vitro
hydrolytic activity towards unbranched aliphatic polyesters. Of these
enzymes, none exhibited a capacity to degrade the naturally occurring
PHB. Conversely, PHB depolymerases were found to hydrolyze substrates
with and without chain branching in vitro, although depolymerase
activity was limited to [3- and y-hydroxy polyesters. PCL and poly(5-
valerolactone) (PVL) were not hydrolyzed by PHB depolymerases.
These results indicate that polymer structural features strongly
effect esterase substrate specificity. The in vitro hydrolysis of polyesters,
however, cannot determine "biodegradability" or which types of enzymes
are utilized by microorganisms in the environment. Because the
enzymatic hydrolysis of a polymer in vitro does not necessarily bear a
relationship to the secretion of similar enzymes by microorganisms, it
remains essential to determine the microbial processes that catalyze
synthetic aliphatic polyesters biodegradation.
With the emphasis on verifying the biodegradability of polyesters,
an understanding of the enzymatic processes used by microorganisms
has not been adequately developed. The degradation of polyethylene
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adipate) (PEA) by a Penicillium sp. isolate presents an exception where
the enzyme secreted during growth on PEA was purified and
characterized. 15 The isolated enzyme had broad activity towards
triacylglycerides as well as a large number of unbranched aliphatic
polyesters. Thus, the PEA hydrolase was concluded to be a lipase. More
recent investigations confirmed that not only lipases, but also fungal
cutinases catalyze synthetic polyester biodegradation. 16 A greater
knowledge of the enzymatic degradation pathways used by
microorganisms can be applied to direct the future design of synthetic
biodegradable polymers.
An isolate from leaf compost, Aspergillus fumigatus M2A was found
to grow on a wide variety of aliphatic polyesters, including PHB, PCL, PVL,
PES, PEA and PTMS/A, as a sole carbon source in liquid cultures. These
observations indicate that the fungus produces extracellular hydrolytic
enzymes to utilize the insoluble polyesters. A PHB depolymerase from A.
fumigatus was previously isolated and found to have unusually non-
specific activity towards synthetic polyesters as well as naturally
occurring PHB (see Chapter 2). The PHB depolymerase activity, however,
did not cause the hydrolysis of PCL or PVL, suggesting that the fungus
secretes additional hydrolytic enzymes to degrade these polymers. The
production and characterization of crude supernatant PCL hydrolase
activity from A. fumigatus M2A are described in this chapter, and a
description is given of the initial efforts to purify the enzyme.
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Experimental
Fungal Strain and Medium
Fungi were isolated from the Springfield MA municipal leaf
compost by culture enrichment techniques selecting for PHB degrading
organisms. Several fungal isolates were obtained, primarily of the genera
Aspergillus and Penicillium. Later taxinomical analysis identified the
fastest growing isolates (M2A and T3A) as Aspergillus fumigatus. 11
Cultures were maintained on potato dextrose agar (PDA) (Difco
Laboratories) and PHB minimal basal medium overlay plates. Minimal
basal medium (MBM) for overlay plates contained (per liter): NaCl, 0.9 g;
NH4CI, 1.0 g; Na2S04 , 0.10 g; MgCl2.6H 20, 0.20 g; CaCl2-2H 20, 0.05 g;
KH 2P0 4 , 0.30g; Na2HP0 4-7H 20, 0.53 g; Agar, 10.0 g; and 10 mL dilute
vitamin solution Z. Stock vitamin solution Z contained (per liter):
biotin, 2.3 mg; folic acid, 2.0 mg; pyridoxine (B6) 10.5 mg; thiamine-HCl
(Bl), 5.2 mg; riboflavin (B2), nicotinic acid, 5.0 mg; cyanocobalamin
(B12), 0.1 mg; p-aminobenzoic acid, 5.0 mg; and lipoic acid, 5.0 mg.
Vitamin solution Z was filter sterilized and diluted 5x before use. The PCL
petri dish overlays were made with a 45 °C solution of 2.0% low melting
Agarose (Sigma Chem.) mixed with an equal volume of sterile PCL
suspension (1.5g/100 mL) double distilled H2 0, before pouring the plates
over a solidified MBM/agar base. The cultures were incubated at 37°C
and observed at 2 day intervals for fungal growth and clear-zones of
degraded polymer.
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Liquid Culture Fermentation
Fungal spores added directly from PDA bottles were used to
innoculate the medium. In addition to minimal basal medium
(MBM)(1), five other liquid media were applied to the investigation of
fungal PCL hydrolase secretion as follows:
(2) A modified minimal basal medium which contained the following
variation from that given above (per liter): NH4CI; 1.5 g, KH2PO4; 0.9 g,
Na2HP04-7H 20; 1.59 g. pH = 6.8;
(3) a medium described by Kolattukudy, et a/. 18 for the production of
fungal cutinase contained (per liter): polymeric carbon source, 2.0 g/L,
(NH4)2S04 ; 2.0 g, KH2P04 ; 4.0 g, Na2HP0 4-7H 20; 6.0 g, and 1.0 mL trace
mineral supplement containing (per liter of supplement): Nitriloacetic
acid; 1.5 g, FeS04.7H20; 0.1 g, MnCl2-4H20, 0.1 g, CoCl2-6H 20; 0.17 g,
CaCl 2-2H 20; 0.1 g, ZnCl2 ; 0.1 g, CuCl2.2H 20; 0.02 g, H3BO3; 0.01 g,
NaMo04 ; 0.01 g, NaCl; 1.0 g, Na2SeC>3; 0.017 g, NiS04.6H 20; 0.26 g. pH =
7.5;
(4) a medium used by Tokiwa, et al. 19 for the growth of fungi on
poly(ethylene adipate) was modified and used as follows (per liter):
NH4CI, 1.0 g; KH2P04 , 0.2 g; K2HP04 , 1.6 g; MgS04-7H20, 0.2 g; NaCl, 0.1 g;
CaCl2*2H20, 0.02 g; and trace mineral supplement, 2.0 mL. Trace
mineral supplement consisted of (per liter 10 mM NaOH): Na2Se03-5H20
,
6.0 mg; Na2Mo04-2H20, 24.0 mg; Na2W04-2H 20, 33.0 mg. pH = 7.0;
(5) a medium used by Benedict, et al. 5 to study eukaryotic PCL
degradation pH = 6.5; and
(6) a medium according to Elwan, et al. 20 for the production of fungal
lipases was also applied, oontaining (per liter): , (NH4)2S04; 2.32 g,
MgS04.7H 20; 0.50 g, KC1; 0.50 g, KH2P04 ; 1.0 g, Na2HP04-7H 20; 1.6 g,
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added to the medium after autoclaving were indole acetic acid; 150 mg,
and CaCl 2 ; 20 mg. pH = 7.8. All media used also contained 2.0 g/L
polymeric carbon source. All fermentations were conducted using a
environmental orbit shaker (Labline Inc. Melrose Park, IL) at 30- 37°C and
150 RPM.
0
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Polymeric Materials
PHB was provided by Zeneca Ltd. UK was used as obtained. Poly(e-
caprolactone) (PCL) with number average molecular weights, Mn , of 300
(triol), 500 (diol), 2000, 10,000 (Polysciences Inc., Warrington, PA) and
50,000 (Aldrich Chemical, Milwaukee, WI) were obtained in bulk or as
pellets. Low molecular weight PCL-2000 was emulsified as follows: to 30
drops Tween-40 surfactant and 600 mL sterile H2O, 16 g PCL-2000 were
added and the mixture was stirred vigorously at 70°C until the molten
polymer was well suspended. The heat source was removed and stirring
continued until the suspension had cooled to room temperature. The
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residual large particulate was allowed to settle and only the suspended
material was used.
High molecular weight (Mn of 10,000, and 50,000) PCL pellets
required two processing steps. Samples of pellets (10 g) were dissolved in
250 mL acetone (reagent grade) and reprecipitated in 500 mL
methanol/water (1:1). The precipitated powder was dried under vacuun
(10 mm Hg), and placed in a motor driven 100 mL glass homogenizer,
cooled in a dewar of liquid nitrogen. The polymer (1.5 g) was ground for
45 minutes, periodically agitated by the addition of liquid N2 into the
grinding apparatus, and recovered upon warming to room temperature.
Other chemicals and solvents were obtained form J.T. Baker
Chemical Co., (Phillipsburg, NJ), and Aldrich Chemical Co., (Milwaukee,
WI), and were used without further purification. SDS-PAGE molecular
weight standards, Rhizopus arrhizus lipase, enzyme inhibitors, biological
buffers, and biochemical reagents were obtained from Sigma Chemical
Co., (St. Louis, MI) and used as directed.
PCL Hydrolase Production
Conditions for PCL hydrolase production were investigated by the
variation of incubation temperature, fermentation medium, and carbon
source molecular weight. Liquid fermentation medium 1.0 L volumes
were placed in 2.8 L Fernbach flasks and autoclaved. PCL emulsions/
suspensions were added to each flask after sterilization. The flasks were
inoculated with a spatula tip of fungal spores. Inoculated cultures of A.
fumigatus M2A were incubated at 30- 37°C and 150 RPM. Samples of
fungal culture supernatants were removed under sterile conditions and
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centrifuged for 10 minutes to remove any mycelia before assaying
hydrolase activity turbidmetrically.
Crude PCL hydrolase preparations were obtained after Buchner
funnel filtration through glass-wool/ and cellulose filter paper (or glass
fiber filter) to removed the fungal mycelial mass.
Initial attempts to concentrate the crude supernatant were made
using a stirred cell concentrator and a YM10 membrane (Amicon,
Beverly, MA) at 4°C. Dialysis of the crude supernatant with tubing with a
molecular weight cut-off limit (MWCO) of 14 kDa (Spectrum, Houston,
TX) against PEG-20,000 (Fluka Chemie AG., Buchsl, Switzerland) was also
applied as a form of supernatant concentration. Crude enzyme
preparation (25 mL) was concentrated to 3 mL and dialyzed against 50
mM Tricine-NaOH buffer at pH 8.0. Ammonium sulfate precipitation of
supernatant proteins was performed at 4°C by adding 14 g (NH4)2S04 to
25 mL stirred crude enzyme preparation over a period of 45 minutes.
The precipitate was centrifuged for 35 min. at 3000 rpm, and the
solution decanted. The precipitate was resuspended in 2 mL 50 mM
Tricine-NaOH buffer at pH 8.0.
Turbidimetric Enzyme Assays
The PHB turbidimetric assay was made on a suspension of 300
ug/mL PHB powder in 50 mM Tricine-NaOH/ 0.05 mM CaCl2 pH = 8.0
and prepared by sonication for 10 minutes. The reaction was initiated
by adding enzyme to 1.0 mL polymer suspension at room temperature,
and incubating the mixture at 45°C. The change in scattered light
intensity, or OD, at 660 nm was measured (absorption) as a function of
time on a Model 24 UV-Vis spectrophotometer (Beckmann Instruments,
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Irvine, CA) A unit of enzyme activity (AU) was defined under the above
conditions as the change in 0.001 OD (Absorbance) per minute
(AmOD/min).
The PCL-2000 suspension for a turbidimetric assay was prepared
from the PCL-2000 emulsion described above by diluting 15 mL into 250
mL of 50 mM Tricine-NaOH/ 0.05 mM CaCl 2 pH 8.0. Crude fungal
supernatant (0.50 mL) was added to 1.0 mL of the diluted PCL emulsion
to initiate the reaction. The procedure followed that of the PHB
suspension in all other respects, except that the reaction mixture was
incubated at 37°C in a stirred water bath. All other turbidimetric enzyme
assays were incubated at 37°C to improve hydrolytic stability of the
substrates and the state of the emulsion.
"Tributyrin" (glyceryl tributyrate) emulsion for the turbidimetric
assay of esterase activity consisted of 0.38 volume percent tributyrin
(Aldrich Chemical Co, Milwaukee, WI) in 50 mM Tricine-NaOH/ 0.05 mM
CaCl2 pH 8.0. Emulsions were prepared just prior to use due to the
hydrolytic instability of the substrate.
Olive oil emulsion (50 wt% olive oil) (Sigma Biochemicals, St.
Louis, MI) was diluted 10,000 fold into Tricine-NaOH pH 8.0 buffer to
achieve a stable emulsion suitable (OD = 1.0- 1.25 for use in the
turbidimetric assay at 660 nm as described above. The assay was suitable
for measuring activity at 37 and 45°C.
Results and Discussion
The Aspergillus fumigatus (M2A) isolate was found to grow on a
wide variety of synthetic and biosynthetic polyesters. Aliphatic
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polyesters including PCL, PVL, PEA, PTMA, PES, PTMS/A, and bacterial PHB,
were degraded by the fungus when used as a sole carbon source in liquid
fermentations.
The production and characterization of a PHB depolymerase from
A. fumigatus was previously investigated. 22 The purified fungal PHB
depolymerase exhibited unusually broad polyester hydrolase activity
(Chapter 2). As found for other known bacterial PHB depolymerases, the
isolated PHB depolymerase was inactive towards polyesters with longer
repeating units such as PTMS, PVL and PCL. These collective observations
indicate that the organism must secrete a second hydrolase to degrade
and utilize PCL and PVL materials. By characterizing A. fumigatus M2A
growth and the hydrolase secreted in the presence of PCL, a more
complete understanding was developed of the catalytic enzyme processes
during aliphatic polyester biodegradation.
Qualitative Characterization of Fungal Growth
Fermentation conditions for optimal fungal PCL degradation in
liquid culture medium were initially investigated. The characterization
of fungal growth is complicated by the morphology of the organism.
Fungal mycelia were the predominant form of A. fumigatus growth in
liquid culture. The mycelial mass was a inhomogeneous suspension, such
that the measurement of fungal growth by spectrophotometric culture
optical density (OD) which is typically applied to bacterial
fermentations, was not possible. For qualitative analysis, observations of
fungal mycelial cultures were made relative to the culture condition
before spore addition and to a culture grown on similar concentrations
of PHB. Form experience, fungal mycelial mass could be judged as not
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present (-), or present over the range of (+ to +++++). A greater number
of (+) symbols indicate a greater quantity of mycelia found in the
medium. These characterizations which are applied in Figure 6.1, are
meant only to suggest the ability of the fungi to utilize a particular
carbon source within the period of observation.
A. fumigatus was unable to utilize PCL with a number average
molecular weight of 50,000 when incubated for 2 weeks at 30°C in MBM
medium, in contrast to the effective degradation of high molecular
weight PHB by the fungus at this temperature. Growth of the fungus on
PCL became more rapid with increasing temperatures, 37 and 45°C. A
temperature of 37°C was chosen for all subsequent experiments as a
medium temperature beneficial to enzyme activity.
Polv(e-caprolactone) as Sole Carbon Source
The effect of PCL molecular weight on fungal growth rates was
investigated. Fungal growth on high and low molecular weight polymers
was observed. PCL samples with Mn values of 300 (PCL-300 triol), Mn=
500 (PCL-500 diol), 2000 (PCL-2000), and 50,000, and e-CL, were used as
carbon sources. Cultures with the e-CL, PCL-300 and PCL-500, or PCL-2000
showed signs of significant fungal growth within 48 hours of inoculation
(See Table 6.1). Fungal mycelial mass appeared in the culture of high
molecular weight (50,000) PCL within 72 hours. A large fraction of PCL-
50,000 remained visible in the medium even after 3 days, while low
molecular weight polymers and other carbon sources appeared to be
either completely consumed or at least entirely solubilized. These results
agree with previous observations that PCL biodegradation behavior is
molecular weight dependent. 2,23 Fungal growth on corn oil (19- 49%
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oleic and 34- 62% linoleic triglycerides), and was also observed,
suggesting the ability of the fungal isolate to secrete lipases.
PCL Hydrolase Assay
Further investigation of fungal PCL degradation required the
development of a facile enzyme assay sensitive to the activity of a PCL
hydrolase. After several experiments with tributyrin (a general esterase
substrate) and emulsions of PCL-300 and PCL-500, the PCL-2000 emulsion
was chosen because of its greater hydrolyic stability at 37 and 45°C. PCL-
2000 was also structurally most similar to high molecular weight PCL.
The turbidimetric assay is based on the measurement of light
transmitted at 660 nm (Absorbance or OD) by the substrate emulsion or
particles, which decreases as the polymer is solubilized. The efficacy of
this assay was tested with commercially available esterases, including
rabbit liver esterase and Rhizopus arrhizus lipase , which were applied
for this purpose.
The PCL-2000 assay was tested at increasing dilutions of R. arrhizus
lipase activity as shown in Figure 6.1. Dilutions of the lipase were made
directly from the commercial enzyme preparation which had 500,000
units of activity. As little as 500 U of lipase activity produced significant
PCL hydrolysis as observed turbidimetrically. Hydrolysis of the PCL-2000
with rabbit liver esterase was also weakly measurable. The results
indicate that the PCL turbidimetric assay could be used to quickly
determine fungal supernatant PCL hydrolase activity.
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Initial Fungal Growth and Enzvme Secretion
Following the development of an assay specific for PCLase activity,
the secretion of hydrolytic enzymes by A. fumigatus during growth on
PCL could be investigated. Initial experiments were made with minimal
basal medium medium (1), and carbon sources that underwent
hydrolytic enzyme action were present to permit fungal growth. PCL-
2000 emulsion (approx. 2 g PCL/L), PCL-2000 with 10 mM glucose, and
corn oil were used as the carbon sources in separate 1.0 liter
fermentation experiments with A. fumigatus at 37°C. The culture
medium was sampled over the course of fungal growth to determine the
presence of PCL hydrolase activity. Although the fungus grew on all three
carbon sources, no hydrolytic activity was observed with PCL-2000 by the
turbidimetric assay at pH 6 or 8 (see Figure 6.2). The pH of the culture
medium also provided a characterization of fungal growth as a function
of time, and this method indicated that most of the growth had
occurred within 50 hours of inoculation. Fungal growth on high
molecular weight PCL was very slow under the same conditions, and
significant amounts of polymer remained after 100 hours.
Effects of Growth Medium
The lack of hydrolase activity observed during fungal growth on
PCL substrates was reproducible, although no causative factors could be
identified. Thus, a general approach was taken to determine the
culture
conditions which would promote hydrolase secretion. Several
culture
media previously used to obtain fungal lipase and cutinase
esterases
provided a starting point. Six media, designated as
numbers (1) to (6) in
the experimental, were applied to the growth
of A. fumigatus on PCL-
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2000 as the sole carbon source. The activity of the PCL hydrolase and the
PH of the cultures were observed over the course of fermentation are
presented in Figure 6.3. Media 1, 3, and 5 did not support fungal growth
on PCL
-2000, and, therefore, are not shown.
Of the remaining fermentation media, only medium 4 supported
fungal growth and the secretion of hydrolytic activity. Significant PCLase
activity was observed between 75 and 100 hours. The culture pH of
medium 4 showed a decrease in pH corresponding to the presence of
active enzymes, presumably due to enzymatic polyester hydrolysis
products which accumulated in the medium. Consumption of the e-
hydroxycaproic acid formed appeared to proceed more slowly than the
enzymatic degradation of PCL-2000 in the fungal culture. Because fungal
growth on PCL in medium 4 was found to produce enzyme activity, this
medium was chosen for further fermentation and production of the A.
fumigatus PCL hydrolase.
Production of PCLase
Medium 4 was found to facilitate good fungal growth on both high
and low molecular weight PCL samples. All subsequent efforts to produce
fungal PCL hydrolase enzymes utilized medium 4 with PCL-2000 as
carbon source, and a fermentation temperature of 37°C. The use of these
conditions, was not a guarantee of hydrolase activity in the growth
medium, however, and reproducible production of the PCLase in the
supernatant was difficult.
The most successful approach to the production of fungal PCLase
activity appeared to be through the use of inductive substrates. Fungal
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PCLase enzymes could be induced by the addition of PCL-50,000 to
cultures after the depletion of PCL-2000 as shown in Figure 6.4. Three
cultures (1 L) under identical conditions were supplemented with a
suspension of approximately 500 mg of high molecular weight PCL in 50
mM Tricine-NaOH after fermentation on PCL-2000 for 96 hours. Large PCL
hydrolase activities were observed after 2 days of further fermentation. A
fourth culture without the inductive addition of PCL, produced no
PCLase activity. Thus, induction of enzyme secretion may be a more
reliable approach to obtaining hydrolytic activity in fungal culture
supernatants. Similarly, enzyme induction with PCL hydrolysate was
applied to the successful production of Fusarium sp. cutinase activity. 16
The cultures showing the highest PCLase activities were harvested
(as indicated in Figure 6.4) by filtration of mycelial mass with a Buchner
funnel. PCL hydrolase activity in the culture filtrate was retained at 52%
of the initial supernatant activity. The large amount of PCL hydrolase
activity, which was retained after mycelial filtration, demonstrated that
PCL hydrolase activity was present in the solution. The culture filtrate
thus obtained was used as a crude enzyme preparation for investigation
of the PCL hydrolase purification and activity.
PCL Hydrolase Activity
The crude preparation of fungal PCL hydrolase was used to
examine the hydrolase substrate specificity. The A. fumigatus PCLase
preparation was found to have significant esterase activity towards PCL
and olive oil emulsions by the turbidimetric assay (see Figure 6.5).
Control experiments verified that the substrate hydrolysis was catalyzed
by the enzyme. PCL and olive oil emulsion (OOE) assays showed similar
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rates of turbidimetric hydrolysis. In contrast, the R. arrhizus lipase was
much more hydrolytically active towards the PCL-2000 assay than OOE
emulsions, as shown in Figure 6.6. Thus, in comparison to the activities
of the commercial lipase preparation, A. fumigatus PCL hydrolase
possessed broad specificity towards long chain fatty acids (C-18) as well
as the shorter ester repeat of PCL (C-6).
The lipolytic enzyme activity from A. fumigatus culture
supernatant showed a small temperature dependence (see Figure 6.7)
when activity toward an olive oil emulsion was measured at 37 and
45°C. A. fumigatus PCL hydrolase had similar hydrolytic activity at pH 6
and pH 8 (see Figure 6.8). The pH and temperature response of the
fungal hydrolase activity were analogous to the lipase activity for the
enzyme secreted by A. fumigatus growth on palm oils. 24 These results
suggest that A. fumigatus M2A secreted a lipase to degrade PCL.
Crude PCL hydrolase preparations were also found to contain a
small but discernible PHB hydrolase activity (1.2- 3.8 AU/ 500 uL crude
supernatant) as measured by the turbidimetric PHB assay. The PHB
depolymerase previously isolated from A. fumigatus did not have any
PCL hydrolytic activity, suggesting that the depolymerase was
constituetively secreted in small quantities during growth on PCL.
Purification of PCL Hydrolase Activity
Further characterization of the activity of A. fumigatus PCL
hydrolase required enzyme isolation. Purification of the PCL hydrolase
was hampered by difficulties experienced during the crude supernatant
concentration step. Concentration techniques such as dialysis (against
PEG-20 kDa), ammonium sulfate precipitation, and stirred cell
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concentration of culture filtrate were attempted, but, none of these
methods provided an increase in hydrolase activity in the concentrate.
In contrast, the concentrated crude preparations generally had
diminished hydrolytic activity towards PCL-2000. Therefore, a more
detailed investigation of the PCLase supernatant concentration by stirred
cell membrane filtration was conducted.
Culture filtrate volumes of 200 mL were reduced to 30 mL with a
YM10 membrane (with a molecular weight permeation limit of 10,000
kDa) in a stirred cell concentrator at 40 psi and 4°C. This preparation
retained hydrolytic activity for the olive oil emulsion, but displayed
poor PCL degradation activity. The resultant concentrate appeared
opaque with residual mycelial mass. Although only a minute fraction of
fungal mycelia remained in the supernatant after the Buchner filtration,
after concentration with the YM10 membrane the mycelia were more
apparent. Centrifugation of the suspended mycelial mass removed the
olive oil emulsion activity from the clear supernatant. The white
mycelial pellet was resuspended in 30 mL 50 mM Tricine-NaOH, and the
resuspended mycelial preparation was found to contain the OOE
activity.
Incubation of the resuspended mycelia with 520 ppm (final assay
concentration) of cycloheximide (CHI), which is a potent inhibitor of
protein synthesis and an antifungal agent, did not affect hydrolytic OOE
activity. The mycelial suspension showed identical activity, whether CHI
was added immediately preceding OOE assay, or the concentrated
supernatant was incubated alone with the CHI for 10 minutes prior to
the addition of the OOE. Hydrolase activity in the presence of CHI
demonstrates that the fungal mycelia did not secrete hydrolytically
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active enzymes during the assay. This result indicates that the PCL
hydrolase activity was bound to the surface of the mycelia through the
concentration process. Prior to concentration, hydrolase activity did not
appear to be associated with the mycelia because the hydrolase activity
was retained in the supernatant after either initial filtration or
centrifugation of the mycelial mass. A cell-wall associated esterase was
previously observed on Mirrococcus roseus, a microorganism capable of
utilizing synthetic ester based lubricants, 25 which provides precedence
for the cell surface association of the fungal PCL hydrolase under the
conditions of enzyme isolation procedures.
The crude enzyme preparations stored at 4°C were found to have
decreasing PCL and OOE activity over the period of 14 days. The
hydrolase bound to fungal mycelia decreased in activity more rapidly,
and disappeared completely within 5 days. The inability to concentrate
the enzyme in solution limited further purification and
characterization.
Conclusions
The fungal secretion of PCL-degrading hydrolases was investigated.
The growth of A. fumigatus on PCL was found to depend on the
molecular weight of the substrate. Hydrolase activity production by A.
fumigatus during growth on PCL was also found to be greatly influenced
by the fermentation medium. Even with optimal culture conditions, the
production of PCL hydrolase in the growth medium was difficult to
reproduce. One promising method of obtaining supernatant PCL
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hydrolase activity, by PCL addition to cultures in the late exponential
phase of growth, was found to induce enzyme activity.
Crude preparations of filtered fungal supernatant were found to
have hydrolytic activity towards PCL and olive oil emulsion. The
observation of supernatant lipolytic activity strongly suggested that the
enzyme secreted to degrade PCL is a lipase. A small amount of PHB
depolymerase activity was also determined to be present in the culture
filtrate. PHB hydrolase activity is most likely a result of the constitutive
secretion of the PHB depolymerase during growth on PCL. The
observation of lipolytic activity in culture supernatants of A. fumigatus
grown on PCL confirms that the fungi can secrete lipases to degrade
synthetic polyesters.
The biodegradation of bacterial and synthetic aliphatic polyesters
with A. fumigatus is a result of the capacity of this fungus to secrete PHB
depolymerase and lipase esterases. Thus, microorganisms may utilize
previously evolved biocatalytic enzymes to degrade synthetic polymers
in the environment.
296
Future Work
Future efforts may advantageously utilize a knowledge of mycelial
adsorption behavior for concentration of the enzyme, if an effective
method of removing the bound enzyme is be found. Another approach
may be to avoid adsorption to residual mycelia altogether by adding
non-ionic surfactants to the concentration procedure, or to better
remove the mycelial mass at the initial culture harvest step with more
effective glass fiber filters. Further characterization of the purified fungal
hydrolase could unambiguously establish the PCL hydrolase from A .
fumigatus as a lipase.
A study into the hydrolase systems secreted to degrade PTMS/A
and other commercially applicable copolyesters would be very insightful,
because both the PHB depolymerase and lipases hydrolyze this
substrate. 14,22
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Table 6.1 Relative growth of A. fumigatus cultures on PCL with
different molecular weights.
Carbon Sourcea Growth after 48
hrs. b
Substrate
Remaining?
e-CL ++ + + N
PCL 300 + + + N
PCL 500 + + + N
PCL 2000 + + + Y
PCL 50,000 + Y
Corn Oil + Y
a. ) See text for identification of sample
b. ) (-) No growth, and (+ to +++++) indicate increasing amounts
fungal mycelia.
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Figure 6.1 Turbidimetric assay of the hydrolysis of PCL-2000 by
Rhizopus arrhizus lipase. Lipase concentrations in units (U)
5,000 (), 1,000 (), 500 (O), 100 (A), 50 (), and control
without lipase (T).
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Figure 6.2 (A) Turbidimetric hydrolase activity towards PCL-2000, and
(B) culture pH during fungal growth. Carbon sources in
growth medium were: PCL-2000 (), PCL-2000+10 mM
glucose (), and corn oil emulsion (O).
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Figure 6.3 The effect of culture media on (A) PCL hydrolase secretion,
and (B) culture pH during A. fumigatus fermentation.
Media: medium 2 (), medium 4 (O), medium 6 (A), and
PCL assay blank ().
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Figure 6.4 PCL hydrolase induction during fungal growth on
medium 4. PCL hydrolase activity in different culture flasks
of A. fumigatus: culture 1 (), culture 2 (O), culture 3 (A),
culture 4 (), assay blank ().
302
Time (min.)
Figure 6.5 Crude A. fumigatus PCL hydrolase activity towards
turbidimetric assays of PCL-2000 and olive oil. Assay of:
PCL + 500 uL supernatant (), PCL control (), olive oil
emulsion + 500 uL supernatant (A), and olive oil emulsion
control (O).
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Figure 6.6 Hydrolytic activity of Rhizopus arrhizus lipase towards PCL-
2000 and olive oil emulsion assays. Turbidimetric assay of:
5,000 U lipase with: PCL-2000 suspension (), and olive oil
emulsion ().
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Figure 6.7 Crude PCL hydrolase activity towards olive oil turbidimetric
assays at 37 and 45°C. Turbidimetric assay of: PCLase @ 37°C
(), 37°C control (), PCLase @ 45°C (), and 45°C control
(O).
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Figure 6.8 Crude A. fumigatus PCL hydrolase activity at pH 6 and 8
towards olive oil emulsion (OOE) turbidimetric assays.
pH 8 OOE + PCLase (), pH 8 control (), pH 6 OOE + PCLase
(A), and pH 6 control (O).
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CHAPTER 7
CONCLUDING REMARKS
A. fumigatus is known to secrete extracellular cellulases, proteases,
and lipases, and the ability of A. fumigatus to degrade aliphatic
polyesters was investigated in this study. The isolation and
characterization of a PHB depolymerase from A. fumigatus M2A
permitted greater insight to the substrate specificity and enzymatic
mechanisms of polyester biodegradation by fungi. Both prokaryotic and
eukaryotic PHB depolymerases were demonstrated to attack the insoluble
polyester by exo and endo chain cleavage modes of action. The isolation
and identification of the polyester hydrolases from A. fumigatus
demonstrated that different esterase enzymes are secreted to catalyze
PHB and PCL biodegradation. The facile ability of the fungus to grow on
synthetic aliphatic polyesters may involve both PHB depolymerase and
lipase which degrade PEA, PES, PTMS/A, and PBA substrates. The
characterization of the discrete enzymatic processes utilized by
microorganisms during polymer biodegradation may facilitate the
rational design of new biodegradable materials.
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